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Abstract 
Background: Gait analysis is used to measure objectively the ability to walk before and after 
hip and knee joint replacement.  Most gait literature to date has measured patients walking at 
slow speeds, which may have unintentionally characterized successful lower limb operations 
as the same regardless of its operation type. The aim of this thesis was to use an instrumented 
treadmill to (1) test the upper limits of gait performance of patients awaiting and after lower 
limb arthroplasty and (2) describe and compare different joint procedures to healthy controls. 
Method: Gait analysis was carried out using an instrumented treadmill. Study participants 
walked at their preferred walking and top walking speed on the treadmill. Their vertical 
ground reaction force and spatiotemporal data was captured for both limbs by tandem force 
plates beneath the treadmill’s belt.  
Results: The results suggest that at preferred walking speed on the flat, all subjects’ gait 
characteristics were similar irrespective of joint state.  The differences between patient 
groups became more apparent at top walking speed.  Weight acceptance, step length and 
stride length were the most useful variables assessing these differences. Unicompartmental 
knee replacement and hip resurfacing had closer to normal gait patterns when compared to 
total knee replacement and conventional total hip replacement respectively.  Predictably 
patients with knee osteoarthritis had asymmetrical gait patterns, impulse was found to be the 
best variable distinguishing patients with knee osteoarthritis from healthy controls. The 
downhill walking assessment established that patients with unicompartmental knee 
replacements had a more normal gait pattern than total knee replacement patients. 
Conclusion: The gait results suggest that an instrumented treadmill is a useful metric to 
describe patient gait patterns. Testing performance at higher walking speeds allowed 
differences to be detected, which were undetectable at slower speeds. Anatomically 
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conserving procedures such as unicompartmental knee replacement and hip resurfacing 
appear to have convincing functional advantages compared to less conserving joint 
replacement procedures. 
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Chapter 1 
Background 1.1 
Lower limb joint replacement is a commonly performed procedure worldwide with arguably 
the biggest health impact in terms of quality-adjusted life years and cost effectiveness(1). The 
predominate reason for lower limb joint replacement is the disability caused by osteoarthritis 
in the joint in terms of pain and reduced joint function.  In 2014, a total of 175,080 primary 
hip and knee replacements were recorded on the national joint registry in the UK(2).  A 6.3% 
increase from the previous year, a number that is predicted to steadily increase in the 
future(3).  For lower limb joint replacement there are a variety of surgical approaches, 
implant articulation materials and prosthesis fixation to choose from. Impressively, it was 
reported for 2012, there were 146 brands of femoral stems, 101 brands of acetabular cups and 
eight brands of hip resurfacings used for the hip replacements(3). These findings were 
similar, perhaps even more complicated for knee replacements as there were more types of 
knee replacement available.  
Joint replacement outcomes traditionally can be assessed in several ways including, 
radiological outcomes, postoperative complications, re-operation rates and generic clinical 
outcomes such as morbidity and mortality following surgery. However as of 2010, the UK 
Department of Health stipulated that all patients complete patient-centered quality of life 
assessments before and after joint replacement.  Patient reported outcome measures (PROMs) 
perhaps are the most identified measures as they assess the patient’s experience in terms of 
quality of life after a hip or knee replacement. PROMs can be generic, disease or joint 
specific. The most commonly collected PROMs in the UK are the EQ-5D index, EQ-5D 
health scale and the Oxford hip/knee scores.  The EQ-5D index is a score calculated from 
five responses about current general health in terms of mobility, self-care, pain, usual 
activities and mood(4). Each of the five questions has three possible responses in terms of 
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having, partially having or not having problems. The EQ-5D health scale is a visual analogue 
score, rating themselves out of 100 on the day. The Oxford hip and knee scores are twelve 
question questionnaires with five responses ranging from 0 to 4(5).  The worst score is 0 and 
the best is 48.  Despite being validated, these PROMs are still subjective as individuals have 
different aspirations and responses which vary depending on their personal threshold. 
Furthermore some PROMs suffer from ceiling effects(6). The Oxford Hip Score developed to 
assess severity of symptoms before surgery is less effective when measuring patients 
following surgery. A significant amount (more than 20%) of the respondents achieve top 
marks, rendering the score ineffective as a way of distinguishing between devices or patient 
types.  Stratification of performance at the top end of the scale has fundamental and inherent 
importance as it allows assessment beyond the patient’s personal activities of daily living. 
Reliable data would permit assessment of the surgeon’s performance and the interventions 
efficacy, including surgical approach, implant design and material.  
Gait analysis has been developed to provide an objective measure of patient’s function, and 
has already been applied to the study of outcome after lower limb joint replacement(7). 
Traditional gait analysis uses optical (video) devices with force plates that capture patients 
walking or doing other important activities of daily living such as stair ascent and descent(8). 
Temporospatial variables with associated ground reaction forces and kinematic data are 
commonly assessed and can discriminate between normal and arthritic patients(9).  Despite 
being informative and descriptive, data collection is laborious as it requires special patient 
setup with markers before the assessment and analysing data may take even longer as 
segmenting and calculating is not automated.  Furthermore studies up to this point have not 
been able to differentiate between patients undergoing different types of hip or knee 
replacement as testing generally needs to be done at slow speeds in order for patients to 
contact the force plates correctly while walking. This slow speed approach may be 
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inadvertently disguising differences which could only be detected at higher performance 
levels, which leads on to the focus of this thesis.  The use of a treadmill is not an unfamiliar 
practice for gait assessment (7, 10-13); moreover its use incorporating force plates have been 
on the rise in the past decade (7, 14-20).   The advantages of using an instrumented treadmill 
include an unlimited walkway, controlling speed as well as having the luxury of altering 
slope(14, 16, 21). The ability to control a subject’s speed has the advantage compared to over 
ground walking with respect to assessing limits of function.  It is also difficult to motivate 
individuals to push their functional limits on over ground walkways.  The treadmill on the 
other hand has the potential to stretch the participant’s functional capacity.    
Assessing top walking performance may provide insight to the extent of walking ability that 
patients and their clinicians may expect after joint replacement.  Furthermore by testing top 
walking performance with different types of hip and knee arthroplasty procedures, it may 
give insight into biomechanical advantages and disadvantages which previously are not 
reported and perhaps may play a role in guiding clinician’s treatment decision with their 
patient in the future. The many varieties of joint replacement that are available, the ceiling 
effects of PROMs and the inability of previous gait analysis work to differentiate between 
patients, leads to the relevance of this thesis and its research. 
1.2 The specific objectives of this thesis using an instrumented treadmill are:  
1) To compare ground reaction forces of patients with knee osteoarthritis at top walking 
speed with healthy controls with the aim of determining parameters that may screen 
humans for knee dysfunction.  
2) To compare the gait patterns using ground reaction forces of total knee replacement 
and unicompartmental knee replacement with healthy controls to determine if 
biomechanical advantages exist 
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3) To examine the influence downhill walking has on different types of knee 
replacement in terms of ground reaction forces.  
4) To compare the gait of conventional hip replacement and hip resurfacing with healthy 
controls at higher speeds to determine if gait pattern advantages exist. 
1.2.1 Chosen variables 
 The variables used in this thesis were done opportunistically within the measuring 
capacity of the treadmill. The treadmill collected ground reaction force data with two forces 
plates beneath the belt.  Each force plate has four sensors in each quadrant, which allowed 
collection of centre of pressure data.  The two force plates furthermore allowed collection of 
temporospatial data given the tandem configuration.  
1.3 Structure of thesis 
The format of this thesis is such that each chapter presents the specific objectives as 
individual studies with their own introduction, literature review, methodology, results and 
discussion.  
Chapter 1 gives a background and structure of the thesis 
Chapter 2 is a general introduction to general concepts and terminology with regards to gait 
analysis that will be used in this thesis.  
Chapter 3 analyses the gait of patient with knee osteoarthritis at top walking speed. The 
study aim is to determine if there are specific variables that are sensitive in determining gait 
dysfunction. 
Chapter 4 examines the gait of two different knee replacement designs. The study aims to 
determine if functional differences exist between the different designs that have not been 
traditionally reported. 
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Chapter 5 examines the gait of two different knee replacement designs while walking 
downhill. It aims to determine if walking downhill is a useful way of reporting functional 
differences in differing knee replacements.   
Chapter 6 examines the gait of two different hip replacement designs.  The study aims to 
determine if functional differences exist between the different designs that have not been 
traditionally reported. 
Chapter 7 is an overall discussion and summary of work done and suggestions for future 
studies. 
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Chapter 2 
2.1 Gait cycle: fundamentals 
The adult human is a biped, and locomotion is primarily created by consecutive lower limb 
movements.  The trunk and upper limbs also play a part in locomotion but this is not the 
emphasis of this thesis so will not be discussed further.  Biped gait during locomotion broadly 
can be broken into a swing and stance phase of individual lower limbs.  For the sake of this 
thesis using an instrumented treadmill with force plates, vertical ground reaction forces 
(GRF) will be used to describe gait events. Vertical ground reaction forces reflect the net 
vertical and shear forces that are created by the foot and the surface in contact with the foot. 
These reaction forces reflect the summation of all of the segmental accelerations created by 
the body at one instance. In other words, as described by Bobbert et al(22), each segmental 
acceleration can be derived by Newton’s second law, which calculates a single rigid body 
segment as:  
𝐹𝑦 = 𝑚(𝑎𝑦 – g) 
where 𝐹𝑦 is the vertical component of the ground reaction force vector, 𝑚 is the rigid segment 
body mass, g is the acceleration of gravity (-9.81 m𝑠−1) and 𝑎𝑦 is the vertical component of 
the acceleration of the segmental body’s centre of mass. During the act of walking there are 
multiple rigid segments having a net effect on the bodies mass. The equation for a multi (n) 
segment system becomes: 
𝐹𝑦 = ∑ 𝑚𝑖 
𝑛
𝑖=1 (𝑎𝑦𝑖 − g) 
where 𝑚𝑖 is the mass of ith segment and 𝑎𝑦𝑖 is the vertical acceleration of the ith segment.  
Therefore the force plate measures the total force created by the summated segemental 
accelerations along with its gravitational acceleration on the bodies mass. During walking, 
typically the vertical ground reaction force curve is “M” shaped (Fig.1). The shape is 
generally the same amongst healthy humans as there is mild variance in the way walking 
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locomotion is done.  Additionally the same individual has little variability on different 
days(23) .  
The “M” shaped curve (fig 2.1) created by the vertical ground reaction forces of walking can 
be characterised into 5 main phases for the purpose of describing gait as depicted in the 
figures below. These phases vary in net force due to the net differences in acceleration during 
the stance phase as explained by the above equations.  The initial event during stance phase is 
heel strike (fig 2.2), as stated it is when the initial heel strikes and marks the time when the 
foot has made contact. The second phase is maximum weight acceptance (fig 2.3), which is 
the first large peak of the force curve and marks when the most eccentric producing force is 
created. The third phase is mid-stance (fig 2.4), which is the lowest point between the two 
major peaks and marks the transition valley between the foot heel striking and pushing off. 
The fourth phase is the push off phase (fig 2.5), which is the second large peak and marks the 
period where there is maximum concentric force created. The final phase is toe-off (fig 2.6), 
which marks the end of stance phase during that step and occurs when the toes are at the final 
stage of pushing off for the subsequent step.  All of these phases can be seen in the depictions 
below.  
 
Figure 2.1 “M” shaped graphical depiction of ground reaction forces 
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Figure 2.2 Heel Strike (Right) 
 
 
 
 
Figure 2.3 Maximum Weight Acceptance (Right) 
 
 
 
 
 
Figure 2.4 Midstance (Right) 
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Figure 2.5 Push-Off (Right) 
 
 
 
Figure 2.6 Toe-Off (Right) 
 
The temporospatial measures on the tandem instrumented treadmill can be determined based 
on the heel contact and final toe off. Step length is the horizontal distance covered during a 
foot’s initial heel contact to the initial heel contact of the contralateral foot.  Stride length is 
the horizontal distance covered during a foot’s initial heel contact to the following heel 
contact of the same foot. Step width is the distance between consecutive heel strikes 
perpendicular to the horizontal plane (z axis). Cadence is the number of foot strikes occurring 
in one minute or calculated by: 
𝐶𝑎𝑑𝑒𝑛𝑐𝑒 =
120
𝑠𝑡𝑟𝑖𝑑𝑒 𝑡𝑖𝑚𝑒
 ( 𝑠𝑒𝑐) 
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Contact time is the period of time from initial heel strike to toe-off of the same foot.  Gait 
cycle time (stride time) is the time taken in seconds during a stride as described above.  Step 
time is the time taken in seconds during a step as described above.  Double support time is 
the duration of time when both feet are in contact with the ground.  Right double support time 
is the time from initial heel contact of the right foot to the toe-off of the left foot and the 
opposite is for left double support time. Single support time is the duration of time when the 
body is supported by only one foot.  The temporal measurements (fig 2.7) can be seen in the 
figure below.  
 
Figure 2.7 Graphical depictions of temporal measurements in consecutive steps (right, left, right) 
 
 
 
As time and force is gathered, force with relation to time is measured. Impulse is the integral 
or the area under the “M” curve and takes into consideration the magnitude and the time 
interval of force(24).  
Impulse = ∫ 𝐹𝑜𝑟𝑐𝑒
 𝑡 𝑡𝑜𝑒𝑜𝑓𝑓
𝑡 ℎ𝑒𝑒𝑙𝑠𝑡𝑟𝑖𝑘𝑒
 
 
Weight acceptance rate or loading rate reflects the slope or rate of rise of the first peak. The 
loading rate is measured by taking a point at 10% and 90% of the first peak force.  Push-off 
rate is the unloading rate and is measured by taking a point at 90% and 10% during push-off 
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to determine the slope. The equation and figure 2.8 below describes the loading 
measurements.  
 
Loading rate = 
Δ𝑓
Δ𝑡
 
 
 
 
Figure 2.8 Force relative to time 
 
 
 
 
 
 
2.2 Instrumented treadmill 
 
The h/p/cosmos Gaitway™ II is a commercially manufactured treadmill (h/p/cosmos, 
Nussdorf Germany) that has been instrumented with two force plates (Kistler Instrument 
Corporation, Amherst NY) beneath the treadmill’s belt. Each force plate has four 
piezoelectric sensors to measure vertical ground reaction forces. The force plates are in 
tandem (fig 2.9) and are calibrated by Kistler engineers while being manufactured.  The 
tandem plate design with the Kistler Gaitway™ software has patented algorithms to 
determine left and right foot ground reaction forces dependent on the central axis line of the 
force plates (fig 2.9). Each force plate is 60cm x 60cm. The data sampling frequency is 100 
per second (100Hz). The data acquisition board converts the signals from the signal 
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conditioner for data collection by the patented software. The data is saved on the software 
database as comma separated values (.csv) files. The data can be exported to exported (.exp) 
files which can then be used for analysis.  Before daily use the treadmill is calibrated with 
regards to sensor alignment (leveling), sensor accuracy and treadmill belt speed.  
The treadmill has a speed range of 0.1 to 22.0 km/hr and can be increased in 0.1km/hr 
increments. The treadmill conveyor belt measures at 150cm long and 50cm wide and can 
handle subjects weighing up to 200 kilograms.  
 
 
Figure 2.9 Tandem force plates beneath treadmill belt 
 
 
 
 
 
2.2 Pilot Study 
 
Before the treadmill was used to analyse patients, a pilot study was done on healthy medical 
students and older members of staff to evaluate the safety, time and feasibility of the 
treadmill study. Local Imperial College research ethics was completed to do so (appendix A).  
The safety was evaluated by testing healthy subjects throughout their entire range of walking 
speeds. A speed of 4km/hr was determined to be the consensus warm up speed that did not 
cause any difficulty. It was also determined that 0.5 km/hr increments was the minimum 
speed increase to feel a difference in terms of increasing a level of difficulty. During the 
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process of collecting data on these subjects, it was found that at higher speeds data 
acquisition appeared to be faltering as errors were being displayed in the collection software. 
It was found that the 800kg treadmill was creating holes in the soft floor tiles which 
interfered with good data quality acquisition. The solution was creating 2cm steel plates by 
the mechanical engineer department to be placed beneath the legs of the treadmill to ensure a 
robust base. No further data acquisition problems were encountered thereafter. Furthermore 
the gantry was also checked with a subject to ensure that if a fall did occur, the machine 
would turn off and support the patient in order to prevent a fall. These tests confirmed its 
safety.  
The calibration of the machine was done daily by placing a standardised10kg weight on the 4 
corners of each force plate to test the individual piezoelectric mechanism was calibrated. A 
daily check of the treadmill belt was also done to ensure it was maintaining it central position 
over the force plates. A level was also used to ensure the treadmill was at the appropriate 
inclination when testing the flat and downhill testing.  
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Chapter 3 
The gait of knee osteoarthritis 
3.1 Introduction 
3.1.2 Osteoarthritis 
Osteoarthritis (OA) is a progressive joint condition that occurs primarily in middle age and 
elderly people. It is primarily an indolent degenerative condition that is caused by excessive 
wear and tear by the ends of the bones that form joints.  OA becomes a joint disease once 
there is a degree of mechanical failure of the hyaline cartilage of the bone ends of the joint. 
The normal smooth cartilage surface is altered to a roughened and turbulent surface that 
presents with swelling, stiffness, pain and dysfunction of the affected joint. The true 
prevalence of OA in the community is hard to estimate as generally patients are 
asymptomatic or patients are coping with their symptoms as it is not interfering with their 
activity of daily living (ADL)(25). Nevertheless between 1990 and 2010, 8.75 million in the 
UK have sought treatment for OA (25). The primary joint sites for osteoarthritis are in the 
hand, shoulder, spine, hip and knee. However the knee has received the most attention, as it is 
estimated over 4.7 million people in England have sought treatment(25). Furthermore it is 
estimated that 18% of patients over the age of 45 have knee OA. A total of 84, 883 patients in 
the UK had primary knee joint replacement in 2012, of which 98% was due to 
osteoarthritis(3). In fact, knee OA is so common that its incidence is far greater than angina 
and prostate cancer combined(25). Despite the high incidence and prevalence, there are no 
agreed screening tools to date to determine if patients are developing knee OA.  This is 
astonishing seeing that knee OA is a common condition that carries a heavy society burden in 
terms of loss of independence and earnings.  Currently patients that present with symptoms 
consistent with knee OA are given symptom controlling medications in terms of painkillers 
and once resistant with significant dysfunction are offered surgical treatment. Furthermore 
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there is currently nothing available that identifies pre-symptomatic patients (patients with 
radiological OA without symptoms) with knee OA. Perhaps developing a tool in the form of 
gait analysis and walking retraining to identify these individuals can play a role in slowing 
and perhaps stopping the disease process before surgery is inevitable.  
3.1.2 Knee osteoarthritis and gait analysis 
Difficulty walking is one of the principal symptoms reported by patients with 
symptomatic knee osteoarthritis (OA). Analysis of gait symmetry between right and left legs 
has been shown to be useful in identifying lower limb joint disease, particularly 
osteoarthritis(26). Such data may be useful as a trigger for clinical intervention, given that 
significant asymmetry may lead to falls, injury to other joints and declining walking activity.   
 Previous studies analyzing gait symmetry in OA are arguably limited in value by 
their use of slow speed gait protocols (27, 28), with more recent studies demonstrating that 
slower speeds are employed as a protective mechanism by the patient, and can disguise the 
significant gait abnormalities apparent at higher speeds (9). Furthermore, analysis at faster 
walking speeds may provide insight into why self-selected walking speed is reduced in knee 
OA patients.  This is of particular relevance given that a slow walking speed has been 
associated with decreased life expectancy(29). 
Biomechanical factors such as obesity, joint instability and malalignment predictably 
alter the loads felt by the joint, so play an important role in the development of OA(30, 31).  
The vertical ground reaction force (GRF) measured in gait laboratories is a useful non-
invasive surrogate of internal joint loading(32).  Although repeatable and well described, 
GRF results are surprisingly variable in the published literature. This may be due to the 
uncontrolled variation in walking speed during assessments (9). Analysing GRF symmetry 
offers a potential method of removing the effect introduced by variations in speed, given that 
the patient’s normal leg acts as a control.  Moreover, most studies only use single “peak” data 
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points for VGRF during the gait cycle (7), which may fail to capture the variation between 
subjects afforded by a more detailed analysis. 
The aim of the study was to 1) assess the gait biomechanics and symmetry of patients 
with knee OA at top walking speed with the aid of an instrumented treadmill, and 2) apply a 
new method of assessing ground reaction force symmetry.  The null hypothesis was that a 
new method analysis would not detect any further significant abnormalities in gait.  
3.2 Material and methods 
3.2.1 Participants  
A total of 44 subjects, consisting of 24 knee OA patients and 20 healthy controls, 
were included in this ethically approved study.  The knee OA patients were recruited from an 
orthopaedic knee clinic and were awaiting knee replacement. They had unilateral knee 
disease and were cardiovascularly fit, with no further joint or lower limb disease. Any 
suspected history of other joint or spine diseases were exclusions for subjects for the study.  
Orthogonal pre-operative weight-bearing knee radiographs of the OA patient group were 
used to assess disease severity using Kellgren and Lawrence (KL) grading (33).  Patients with 
neurological, medical or any other lower limb disease that might affect knee symmetry results 
were excluded. A healthy control group was recruited. They comprised of active hospital 
staff members, with no history of neurological or joint problems and certainly did not have 
any history of investigations or procedures for suspected problems.  All subjects were 
recruited by a research assistant, with the treadmill assessor blinded to prevent testing bias. 
 
3.2.2 Patient Related Outcome Measures and Anthropometric Measures 
Before gait performance was analyzed, Oxford knee score (OKS), University of 
California, Los Angeles (UCLA) and EuroQol 5 part questionnaire (EQ-5D) with the 
EuroQol visual analogue scale (EQ-VAS) scores were obtained(4, 5, 34).  After the 
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psychometric score assessment, the subject’s height, weight and leg length were recorded.  
The leg length was measured by taking the distance between the anterior superior iliac spine 
(ASIS) and the medial malleolus on the ipsilateral side and was taken for both sides(35).    
 
3.2.3 Gait Analysis and Data Collection 
Gait analysis was performed using a validated treadmill instrumented with tandem 
piezo-electric force plates (Kistler Gaitway®, Kistler Instrument Corporation, Amherst NY).  
All participants gave informed consent before treadmill testing began.  After an 
acclimatisation period at 4 km/h, speed was increased incrementally until top walking speed 
(TWS) performance had been attained. TWS was defined as the fastest speed a subject could 
walk without running. All walking measurements were collected without the aid of any props 
using a standardised testing protocol. Vertical ground reaction forces, centre of pressure 
(COP) and temporal measurements were collected for both limbs with a sampling frequency 
of 100Hz over 10 seconds. All treadmill outputted mechanical data was subject to averaging 
by custom written MATLAB software script given that a 10 second interval normally 
recorded a minimum of 5 steps for each limb. The data was further divided into affected (A) / 
unaffected (UA) limb for the knee OA group, and right / left limb for the healthy controls.  A 
symmetry ratio (SR), previously described and validated (36),  was applied to all variables. 
SR values describe the percentage difference between limbs, with zero indicating complete 
symmetry. Negative values indicated worsening asymmetry with respect to the affected limb 
in the OA group and the right limb in the control group.  
SR=   ((XA/XUA)-1) x 100% 
Impulse values were calculated from the GRF data. Impulse takes into account both 
the magnitude of loading and duration of stance. The total and each phase peak of impulse 
was assessed on the “M” pattern force curve, comprising weight acceptance (WA) and push-
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off (PO) impulse. These peaks were identified using a MATLAB script to segment the data, 
with the limits of integration defined as 5% of force time either side of the maximum value. 
Figure 6.1 illustrates the difference in weight acceptance phase peak impulse between right 
and left legs, and the potential disparity if a single data point was used.  
 
 
  
Figure 3.1 Calculating impulse at a peak force for left limb (blue) and right limb (red) at weight 
acceptance. Difference of impulse (grey) at weight acceptance on the right. 
 
 
3.2.4 Statistical Analysis 
Statistical analysis was performed with SPSS (IBM SPSS Statistics, version 20). For 
continuous variables between the groups an independent t-test was used and for categorical 
variable (gender), a chi squared test was used. A significance level of α=0.05 was employed 
throughout.  Kolmogorov-Smirnov and Shapiro-Wilk test showed the gait variables to be 
normally distributed. Variable data is presented as means with standard deviations.  
Receiver operator characteristics (ROC) curves were utilized to determine which gait 
symmetry variables had the best discriminating ability. Categorization of the area under the 
curve (AUC) was performed, with AUC above 0.7 determined as fair, above 0.8 good and 
above 0.9 as excellent discriminating ability(37).  
 OA patients’ top walking speed results were predictably slower than the healthy 
group, and were hence also compared to the healthy group’s preferred walking speed, which 
was often more comparable. 
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3.3 Results 
Patient and control characteristics are provided in Table 1. The most common disease 
severity grade of OA was 2 using Kellgren and Lawrence system. Nineteen of the patients 
had medial tibiofemoral OA with an element of patellofemoral OA. Two patients had lateral 
tibiofemoral OA and remaining three had primarily patellofemoral OA.  Top walking speed 
for the knee OA patients was predictably and significantly slower (p<0.0001) than the 
controls (1.37 vs 2.00m/s). Step length was also reduced (79 vs 99cm p<0.0001), with a 
broader gait width (14 vs 11cm p=0.015) as seen in Table 3.2. As ground reaction forces are 
partly speed dependent (Figure. 3.2), analysis comparing the knee OA results to the control 
group’s preferred walking speed was done given that they were similar (1.34 vs 1.37m/sec 
p=0.56).  Push-off force and total impulse were significantly (p<0.0001) less (22% and 12% 
respectively) than the controls (Table 3.2, Figure 3.3).  The knee OA patients were also 
significantly more asymmetrical than the healthy controls, with the greatest difference 
between limbs (Table 3.2) seen during single limb stance time (8%, p=0.001), push-off 
impulse (7%, p=0.050) and total impulse (7%, p<0.0001). ROC analysis of the gait symmetry 
variables (Table 3.3) at TWS demonstrated that total impulse (Figure 3.4) was the best 
discriminator of symmetry with an AUC of .902, with a cut-off of -3% and a specificity of 
95% and sensitivity of 88%.   
 
Table 3.1 Subject characteristics 
 
Subject Control Knee OA 
Sex M:F  7:13 8:16 
Age (yrs) 52.5±8.8 65.5±7.2† 
BMI 23.2±6.6 31.2±6.1 † 
Leg Length (cm) 89.3±5.6 85.1±5.9 † 
Height (cm) 168.5±7.5  164.1±7.9  
Total KL score NA 2 (1-4) 
OKS NA 21.2±7.1 
UCLA NA 4.8±0.9 
EQ-5D NA 0.40±0.34 
EQ-VAS NA 58.5±21.4 
 
The values are indicated as means ± standard deviation KL values are indicated as most common total grade (range) †significant difference. 
 
34 
 
    Table 3.2 Temporospatial and normalised ground reaction results 
 
Variable Control PWS  Symmetry 
Ratio % 
Knee OA TWS  Symmetry 
 Ratio % 
Control TWS  Symmetry 
Ratio % 
 Right Left  Affected Unaffected UKA Right Left  
 (n=20) (n=20)  (n=24) (n=24) (n=24) (n=20) (n=20)  
 Mean (SD) Mean (SD) Mean (SD) Mean Mean Mean Mean (SD) Mean (SD)  
Speed (m/sec) 1.34 (0.07) NA 1.37‡ (0.23) NA 2.00 (0.20) NA 
Cadence (step/min) 114 (10) NA 123†‡ (9) NA 137 (11) NA 
Gait Width (cm) 11.2 (3.2) NA 14.2† ‡ (4.5) NA 11.2 (3.0) NA 
Weight Acceptance 
(BWN) 
1.18 (0.08) 1.18 (0.07) 0.7 (2.0) 1.18 ‡ (0.14) 1.26 ‡ (0.16) -5.9 (5.7) †‡ 1.55 (0.12) 1.52 (0.12) 2.6 (3.3) 
Push-Off (BWN) 1.15 (0.09) 1.16  (0.08) -1.5 (1.6) 0.95† ‡ (0.07) 1.00† ‡ (0.07) -4.2 (6.0) † ‡ 1.16 (0.12) 1.17 (0.10) -0.9 (3.5) 
Total Impulse 
(BWN/s) 
0.55 (0.05) 0.55 (0.05) -0.2 (1.8) 0.49† ‡ (0.04) 0.53† ‡ (0.04) -7.1 (6.2) † ‡ 0.46 (0.04) 0.46 (0.04) -0.1 (1.6) 
Weight Acceptance 
Impulse (BWN/s) 
0.112 (0.007) 0.112 (0.007) 0.9 (3.1) 0.113‡  (0.014) 0.120‡  (0.015) -5.1 (6.6) † ‡ 0.146 (0.010) 0.142 (0.011) 3.5 (4.2) 
Push Off Impulse 
(BWN/s) 
0.111 (0.009) 0.114 (0.008) -2.9 (2.6) 0.091†‡ (0.008) 0.098† ‡(0.007) -6.6 (8.0) † ‡ 0.110 (0.011) 0.111 (0.009) -2.9 (4.7) 
Step Length (cm) 79 (6) 78 (5) 1.7 (2.5) 79 (12) ‡ 78 (11) ‡ 2.4 (6.2) 99 (8) 98 (8) 1.0 (1.9) 
Step Time (sec) 0.53 (0.05) 0.53 (0.04) 0.3 (3.1) 0.48† ‡ (0.03) 0.50 ‡ (0.05) -4.0 (6.6) †‡ 0.44 (.04) 0.44 (0.04) -0.2 (3.5) 
Contact Time (sec) 0.68 (0.06) 0.69 (0.06) -0.3 (1.7) 0.65† ‡ (0.05) 0.67 ‡ (0.07) -3.4 (3.9) † ‡ 0.56 (0.05) 0.56 (0.05) -0.3 (1.5) 
Single Limb Stance 
Time (sec) 
0.38 (0.04) 0.38 (0.04) -0.4 (3.5) 0.32† (0.02) 0.34† (0.03) -7.5 (8.5) † ‡ 0.33 (0.04) 0.33 (0.03) -0.3 (3.1) 
 
The values are indicated as means ± standard deviation; †significant difference between OA group versus control at PWS (p <0.05); ‡significant difference between OA group versus 
control at TWS(p <0.05). PWS: Preferred Walking Speed. TWS: Top Walking Speed. BWN: Body Weight Normalised.  
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Table 3.3 Area under curve (AUC) results with confidence intervals and significance for ground reaction 
and temporospatial variables.  p<0.05 signifies increasing discriminating ability of variable to detect 
abnormalities 
 
SR at TWS AUC CI Significance 
WA 0.898 0.800, 0.996 <0.001 
PO 0.683 0.521, 0.846 0.038 
TI 0.902 0.797, 1.000 <0.001 
WAI 0.852 0.736, 0.968 <0.001 
POI 0.654 0.491, 0.817 0.081 
ST 0.650 0.484, 0.816 0.090 
CT 0.767 0.628, 0.905 0.003 
SLST 0.767 0.628, 0.906 0.003 
 
 
Figure 3.2 Average gait cycle of knee OA patients (n=24) at top walking speed vs controls (n=20) at a 
matched speed 
 
 
Figure 3.3 Average gait cycle of knee OA patients (n=24) and controls (n=20) at top walking speed  
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Figure 3.4 Receiver operator charactertistics of total impulse symmetry for impulse 
 
3.4 Discussion 
 
By analysing gait biomechanics and symmetry at top walking speed, this study set out 
to determine the changes in gait associated with the general decline in walking speed seen in 
patients with knee OA. In accordance with previous studies(38, 39), we found that the OA 
group walked more slowly with a wider gait base and a shorter step length, when compared 
to healthy controls.  
The most interesting finding in this study was that the OA patients had a significantly 
lower push-off force, push-off impulse and its respective symmetry than healthy controls. 
These findings may be secondary to independent loss of muscle power around the joint and 
subsequent loss of range of motion. Indeed, Baert et al recently demonstrated a 37% decrease 
in isometric knee extension power in early OA, and 56% decrease in established OA patients, 
when compared to a matched control group, which supports our findings (40). Furthermore 
Bytyqi et al demonstrated 11.6 degree loss during knee flexion/extension during comfortable 
walking in patients with OA when compared to controls. This is of practical value to 
surgeons and patients alike, given that it reinforces the need for replacement surgery to be 
combined with physiotherapy aimed at restoring muscle strength to regain full extension, and 
may partly explain why joint function and gait may continue to improve with time. 
Another important finding of this study was the results of weight acceptance and 
weight acceptance impulse in the knee OA patients.  While their affected limb appeared 
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normal compared to the healthy controls with almost identical results (1.18 vs 1.18 BWN and 
0.113 vs 0.112 BWN/s respectively), they were in fact abnormal when assessing their inter-
limb symmetry (1.18 vs 1.26 BWN and 0.113 vs 0.120 BWN/s). This likely indicates that 
these patients inherently have loaded their joints beyond than what would be expected at that 
speed, especially considering the gross force would be even higher if un-normalised as their 
BMI was 35% higher than the controls. This may partly explain why their knee joints wore 
out in the first instance. These finding are consistent with a recent study reporting ground 
reaction forces in hip OA patients before and after replacement(41). This is also of practical 
value in terms of retraining gait in order to reduce weight acceptance forces which could 
prevent further joint arthrosis from occurring.  
The second main aim of the study was to assess the use of an area (impulse) under 
peaks, rather than just solitary points on a peak, as a novel method of assessing symmetry. In 
this regard, after single limb stance time, total impulse and push-off impulse displayed the 
largest asymmetries in knee OA patients. Whilst ROC analysis identified the total impulse 
symmetry index as the variable which best discriminated between groups, with an AUC of 
0.902 which is considered excellent.  Weight acceptance impulse also proved a sensitive 
discriminating measure, with an AUC of 0.852.  
The limitation of this study relates to the control group, who were significantly lighter and 
younger, and walked with significantly higher top speeds. Fortuitously, the control group’s 
preferred walking speed was similar to the OA group’s top walking speed, allowing for a 
better comparison. And as mentioned previously, by looking at asymmetry, patients act as 
their own controls. In common with many other gait studies, our OA group were significantly 
heavier than controls, which is unsurprising given that weight is a known risk factor for OA. 
However, all ground reaction forces were normalised for body weight (BWN) using Newtons 
2
nd
 law of motion to minimise possible bias introduced by this difference.  Lastly this is a 
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cross-sectional study and ideally this study would have had follow-up after surgery with 
physiotherapy to confirm if joint replacement with strengthening could in fact restore near 
normal ground reaction forces while walking.   
 
3.5 Conclusions 
This paper reconfirms gait abnormalities seen with knee OA but for the first time with ground 
reaction forces at top walking speed and a different method of analysis.  Reduced push-off 
and overall loading (impulse) are key factors in limiting the top walking speed of patients 
with knee OA. Higher than expected weight acceptance loads are potential causes for patients 
wearing out their knee joints.  Furthermore knee OA patients demonstrate significant 
asymmetry in almost all parameters of gait biomechanics, with ROC analysis identifying total 
impulse as the variable with the best discriminating ability. Longitudinal studies are required, 
but these features have the potential to screen and rehabilitate patients who may develop knee 
arthrosis.  
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Chapter 4 
Comparing the gait of  
unicompartmental and total knee replacement 
4.1 Introduction 
4.1.1 Functional anatomy 
The knee is the largest joint in the human body.  It is a mobile hinge joint as it is 
comprised of three separate joints, the patellofemoral, medial and lateral tibiofemoral joint, 
which makes it unique in its function.  It is comprised anatomically of three bones, the distal 
femur, patella and the proximal tibia, that form three articulations. The single articulation 
patellofemoral joint is made up of the patella and the distal femur, it allows gliding of the 
patella along the femoral trochlea during flexion/extension and allows the human to 
commence standing from a sitting position. The tibiofemoral joint is the primary load bearing 
aspect of the knee and is made up of two articulations in the distal femur and proximal 
tibia(42).  The two articulations are created by the medial and lateral femoral and tibial 
condyles. It allows up to 160 degrees of flexion and extends up to 5 degrees of 
hyperextension(42). The tibiofemoral joint has six degrees of freedom during dynamic knee 
activities such as walking, three rotational (flexion/extension, internal/external, 
abduction/adduction) and three translational (anterior/posterior, medial/lateral, 
compression/distraction)(42). Given the dynamic nature of this joint, stability is inherently 
important. The stability of the knee is primarily achieved by the active and passive restraints.  
The active restraints are the muscles around the knee, which primarily are provided by the 
extensor mechanism (quadriceps), and hamstrings. The passive restraints include the menisci, 
collateral, cruciate ligaments and a strong joint capsule. The menisci primarily restrain tibial 
rotation but also provide restraint to anterior/posterior translation. The collateral ligaments 
are primarily restraints to varus and valgus by the lateral and medial collaterals respectively 
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and have secondary translation and rotational restraints. The anterior cruciate ligament (ACL) 
is a primary restraint to anterior tibial translation and prevents knee hyperextension. It plays 
an important role in controlling the screw-home motion when going from knee flexion with 
tibial internal rotation to full extension with tibial external rotation while walking. The 
posterior cruciate ligament (PCL) primary role is to prevent posterior tibial translation, being 
most effective in mid and deep flexion. Both cruciates together are the checkrein of the 
rolling and sliding kinematics in the sagittal plane of the tibiofemoral joint during flexion and 
extension(42).  
4.1.2 Knee replacement types 
Osteoarthritis is the commonest indication for knee replacement. It is the documented 
diagnosis for 98% of all primary knee replacements in the UK(3). A total of 91,955 primary 
knee replacements were done in 2014(3). The number is predicted to steadily rise due to an 
active ageing population.  Knee replacement as presented by the National Joint Registry can 
be broken up into patellofemoral, unicompartmental, and total knee replacements. The basis 
for the type of replacement used is dependent primarily upon surgeon preference, hospital 
resources and disease severity.  However, theoretically the decision to use a particular type of 
knee replacement is largely based on the severity and sites of osteoarthritis on the particular 
articulations of the knee.  In surgical terms, these articulations for replacement are divided 
into compartments as osteoarthritis characteristically tends to begin in one area or 
compartment and then progress(43).    They are called the patellofemoral, medial and lateral 
tibiofemoral compartments based on the articulations as explained earlier. Figure 4.1 depicts 
the compartments of the knee and has been adopted from http://orthoinfo.aaos.org/ 
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Figure 4.1 Compartments of the knee 
A unicompartmental knee replacement (UKR), is a replacement of one compartment of the 
knee and is coined for replacement of either the medial or lateral tibiofemoral compartments.  
In a UKR, only the damaged tibiofemoral compartment is excised and replaced with metal 
and plastic. The ligaments, specifically cruciates are spared.    Figure 4.2 depicts a 
unicompartmental knee replacement on the right hand side and has been adopted from 
http://orthoinfo.aaos.org/. 
The primary use of a UKR is for single symptomatic tibiofemoral compartment disease and 
evidence even suggests it can also be used in patients who have asympomatic mild 
patellofemoral osteoarthritis. The ideal use of a UKR is in a non-obese patient with one 
compartment disease with intact cruciate ligaments with a full range of motion in knee 
flexion and extension.  Coronal malalignment of the compartment, greater than 15 degrees, 
has been used as a contra-indication to UKR.  
A total knee replacement (TKR) is a replacement of both the tibiofemoral compartments and 
can include a resurfacing of the patella. In a TKR both femoral and tibial condyles are 
excised and replaced with metal and plastic. The patella can be shaved and a plastic button 
inserted if indicated. The anterior cruciate ligament is invariably removed and depending on 
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the type of total knee the posterior cruciate may be sacrificed. Figure 4.2 depicts a total knee 
replacement on the left hand side and has been adopted from http://orthoinfo.aaos.org/. 
 
 
Figure 4.2 Total and unicompartmental knee replacements 
The primary use of conventional TKR is for single or multi-compartment osteoarthritis of the 
knee. In 2012, 90% of knee replacements were TKRs as compared to 8% of UKR(3).   
Patellofemoral replacement is also considered a unicompartmental replacement with 
reasonable medium term clinical results(44) but generally it is agreed that it remains a 
different entity due to its different biomechanics, it will not be discussed further as it was not 
an objective of the thesis.  
 4.1.3 Functional differences between unicompartment and total knee replacement 
Single compartment tibiofemoral osteoarthritis can be treated with either a UKR or TKR.  
Current UK trends of TKR use are ten times higher than UKR, despite 47.6% of cases being 
potentially suitable for UKR(45).  This means that 40% of patients are currently having 
operations that are removing potentially healthy compartments and ligaments instead of 
conserving native knee which are important for normal knee kinematics. The primary reason 
for this is the significantly higher revision rates found in UKR as published by multiple joint 
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registries(46). Nevertheless centres that perform large numbers of UKRs, such as Oxford and 
Bristol groups, report survival upto 96% at 10 years which are comparable to that found in 
TKR survival in registry data(47).  TKR advocates cite that TKR is the gold standard 
procedure as it is predictable in the majority of users, and it has shown to be effective in the 
treatment of pain and functional disability(48).  
Current methods of assessing functional outcomes rely upon patient experience 
questionnaires, better known as patient reported outcome measures (PROMs). In 2012 the 
NJR data reported that there was no difference between patients with UKR and TKR in terms 
of the improvement between pre-operative and post-operative PROM scores(3).  UKR 
advocates reflect that these questionaires while validated and reliable suffer from ceiling 
effects and are not linear. Thus a change in score in the middle of the range may be easier to 
obtain than a change in score higher up the range, as found in patients who are younger and 
more active with higher aspirations as compared to the older patients having TKRs(49). 
Gait analysis is an objective method of assessing biomechanical advantages as it analyses 
patients walking, stair stepping and sitting-standing function. However  the utility of gait 
analysis detecting differences to date has been limited. This is principally because current 
metrics test patients at slow speeds in order to accommodate the data analysis of these 
instruments. Specifically short walkways and strategic stepping points have limited the higher 
performance that can be assessed. 
Anecdotal experience suggested that at higher speeds UKR may restore near normal function, 
by preserving the ligaments and therefore the kinematics in swing phase, which should 
translate into more normal biomechanics. Feller et all demonstrated UKR patients walking 
with a mean of 1.89 m stride length as compared to the normal knee with 2.04 stride length at 
top walking speed, which suggest that UKR restoring near normal gait biomechanics(50).  
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Given the paucity of data on higher functional gait performance with regards to knee 
implants, it would be in the interest of patients and surgeons alike to determine if functional 
differences do exist in differing knee implants with regards to flat walking at different speeds. 
As a treadmill allows for uninterrupted gait assessment and allows patients to warm–up, it 
should provide a higher functional metric than what has been used to date. Furthermore 
understanding the individual limits of these implants may provide information which can be 
used to inform patients of expected outcomes. It also can provide insightful information for 
further implant innovation with regards to design.  
The aims of this study were to characterize the limits of walking function of the two 
commonly used knee replacement types, UKR and TKR, with an instrumented treadmill and 
to compare them to healthy controls to determine if biomechanical differences exist. The 
primary objective of this study was to examine the gait of high performing groups of knee 
replacement (UKA and TKA) in terms of high psychometric scores with similar 
demographics. The secondary objective was to compare these knee replacement results to a 
matched healthy control group, to distinguish whether the implanted limb would perform to 
the level of the native pre-morbid knee. The null hypothesis was that no significant gait 
differences would be detected between the groups.  
4.2 Methods 
4.2.1 Participants 
 
Between April and July 2011sixty six subjects were tested on the instrumented 
treadmill, 3 groups (UKR, TKR and healthy control) of 21, 21 and 14 respectively.  The two 
high performing replacement groups were recruited from a database of patient reported 
outcome measures (PROMs) and were chosen based on high Oxford knee scores (OKS) with 
a minimum 12 months after  knee replacement. They had unilateral or bilateral knee disease 
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and were cardiovascularly fit, with no further joint or lower limb disease.  Patients with non-
knee replacement, neurological, medical or any other lower limb disease that might affect the 
top walking performance and speed were excluded. All subjects were recruited by a research 
assistant who kept the treadmill assessor blinded to prevent any testing bias.  
 
4.2.2 Power Calculation 
 
The study was powered based on our previous work with the instrumented treadmill 
on hip replacements(51). In this study of 67 subjects, a 10% difference in speed between 
different types of hip arthroplasty. The mean projected difference was estimated at 
0.18m/sec. Therefore with a two-tailed test and a significance level of 0.05 with a power of 
90% and 0.18 standard deviation, it was determined 42 patients, 21 in each group, would be 
required to detect a difference of 10% in this two-replacement parallel-design study.  A 
healthy control group as well was recruited and consisted of hospital and university staff 
members, who were cardiovascularly fit with no neurological or lower limb/joint disease and 
had active lifestyles.  Ethical approvals were obtained before testing and all participants gave 
prior informed written consent  
 
4.2.3 Surgical Intervention and Rehabilitation 
 
All forty-two arthroplasty subjects were operated through a medial parapatellar 
approach by senior surgical authors who had extensive experience in knee arthroplasty. The 
UKR group had cemented or uncemented Oxford unicompartmental knee replacements 
(Biomet, Swindon UK) inserted by one author (JPC) who primarily undertakes this 
procedure, while the total knee replacements were inserted by the other senior author (RS) 
who primarily performs TKR.  The TKR group had cemented cruciate retaining (CR) Genesis 
II total knee replacement (Smith & Nephew, Warwick, UK).  All subjects had undergone 
standard rehabilitation programs with full weight bearing allowed from day one 
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postoperatively. There were no documented postoperative complications and all subjects had 
been discharged from routine follow up.    
 
4.2.4 Patient Related Outcome Measures and Anthropometric Measures 
 
Before gait performance was analyzed, OKS, UCLAand EuroQol 5 part questionnaire 
(EQ-5D) with the EuroQol visual analogue scale (EQ-VAS) scores were obtained(4, 5, 34, 
52).  High scores on the OKS, UCLA, EQ5-D and EQ-VAS.  After the psychometric score 
assessment, the subject’s height, weight and leg length were recorded; each was taken at least 
twice to minimize error.  The leg length was measured by taking the distance between the 
anterior superior iliac spine (ASIS) and the medial malleolus on the ipsilateral side and was 
taken for both sides(35).    
 
4.2.5 Gait Analysis 
 
Gait performance was tested on a validated instrumented treadmill (Kistler Gaitway®, 
Kistler Instrument Corporation, Amherst NY)(7, 16).  The treadmill was manufactured and 
calibrated with tandem piezo-electric force plates beneath the treadmill belt, which measured 
vertical ground reaction forces (GRF) and associated temporo-spatial variables.  The 
monitoring software included a patented algorithm which distinguished left and right foot 
strikes. The treadmill had a speed range of 0.1 to 22.0 km/hr and adjustable in 0.1km/hr 
increments.   
Before treadmill testing began, all participants had to give informed consent to the 
researcher who was blinded to the type of knee replacement.  After a 6 minute 
acclimatization period as suggested by Matsas et al(53), the patients’ flat preferred walking 
speed (PWS), which was chosen subjectively by the subject was assessed by either increasing 
or decreasing at 0.1km/hr increments.  After the flat PWS was attained, the speed was 
increased incrementally until flat top walking speed (TWS) was attained. Flat TWS was 
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documented as the fastest the subject could walk without running. All walking measurements 
were collected without the aid of handrails or other props. The procedure generally took 12 
minutes of continuous walking and was completed without difficulty by all subjects.  At all 
incremental intervals of speed, the vertical component of the ground reaction forces, center of 
pressure (COP) and temporal measurements were collected for both limbs with a sampling 
frequency of 100Hz over 10 seconds. Hof scaling and body weight normalising was also 
applied to the outputted mechanical data to correct for leg length and mass differences, 
respectively(54). All treadmill outputted mechanical data was subject to averaging by custom 
written MATLAB software script to handle the large amount of continuous data being 
exported, as a 10 second interval normally entailed a minimum of 6 steps for each limb. The 
data was further broken into implant and non-implanted limbs for the knee replacement 
groups and dominant and non-dominant limbs for the healthy control group. At all speed 
intervals of data collection, a physical check was done to ensure data acquisition was 
complete without any obvious errors. Ethical approval (10/H0807/101) was approved by the 
joint research office prior to commencement of the study. 
4.2.6 Symmetry Index 
The symmetry index assessed the gait symmetry of the implanted limb to the contra-
lateral normal limb.  It was calculated using the formula:  
 𝑆𝐼 =  
|𝑋1 − 𝑋2|
0.5 ∗  (𝑋1 + 𝑋2) 
 ∗ 100%  
 
Where X1 was the implanted limb measure and X2 was the contra-lateral normal limb 
measure(55). It gave a measure of percent difference between sides.  For the healthy controls 
dominant and non dominant limb, respectively, were used.  
 
 
48 
 
4.2.7 Statistical Analysis 
Statistical analysis was performed with SPSS 20.0 (SPSS Inc, Chicago, IL).  The variables 
for each of the subject group were compared to each other using an analysis of variance 
(ANOVA) with Tukey post hoc test with significance set at α=0.05.  For continuous variables 
an independent t-test was used with significance set at α=0.05.  For categorical variables a 
Pearson chi squared test was used. 
4.3 Results 
4.3.1 Subject Demographics 
 
Patient demographic data were well matched for the different knee replacement types 
(Table 1).  Each knee replacement groups consisted of 21 patients. The age and body mass 
index (BMI) were similar in each group (Table 1). The follow-up periods of gait analysis for 
the replacement groups were similar. The healthy control group consisted of 8 females and 6 
males; their BMI were significantly less than the arthroplasty group.  
 
Table 4.1 Subject Demographics  
 
 
Subject Control UKA TKA 
Sex M:F 6:8 13:8 14:7 
Age (yrs) 60.0 ± 7.5 67.3 ± 4.2† 67.6 ± 7.5† 
Height (cm) 170.2 ±11.5 168.2 ± 6.9 168.7 ± 12.4 
BMI 24.9 ± 3.6 29.9 ± 4.0† 29.2 ± 3.8† 
Leg Length (cm) 90.7 ± 6.5 89.6 ± 4.5 89.4 ± 7.7 
Follow-up (months) NA 27 ± 6 29 ± 7 
 
The values are indicated as means ± standard deviation; †significant difference between patient groups versus control (p <0.05); ‡significant 
difference between patient groups (p <0.05). 
 
 
 
4.3.2 Patient Reported Outcome Measures 
 
 The OKS, UCLA, EQ-5D and EQ-VAS results were not significantly different in the 
replacement groups (p>0.05; Table 2) despite the UKA having a noticeable advantage.   
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Table 4.2  Patient Reported Outcome Measures  
 
 
PROM UKA TKA 
Oxford 44±3 41±5 
UCLA 7.4 ± 1.3 6.6 ± 1.9 
EQ-5D 0.89 ± 0.20 0.82 ± 0.13 
EQ-VAS 87 ± 10 79 ± 12 
 
The values are indicated as means ± standard deviation; ‡significant difference between patient groups (p <0.05). 
 
 
4.3.3 Treadmill Gait Analysis 
 
At preferred walking speed (PWS), both knee replacement groups (UKR, TKR), 
showed similar temporal-spatial results (Table 4.3).  When compared to controls, both UKR 
and TKR had significantly reduced speed (p<0.001), this persisted even when normalised 
(p<0.001) for leg length. The apparent cause for this was the reduction in step (p=0.002) and 
stride length (p=0.004) at PWS as the cadence was similar (p=0.443). The remaining 
temporospatial results were not significantly different at preferred walking speed (Table 4.3).  
Ground reaction results at preferred walking speed were primarily the same for the three 
groups except for push-off forces (Table 4.4). Both knee replacement groups walked with 
significantly (p=0.005) weaker push off forces than the controls.   When assessing for 
symmetry (Table 4.6), all three groups walked similarly with no significant differences. 
Assessing the graphs (Figure 4.3, 4.4) both knee replacement groups appear to walk 
comparatively symmetrical.   
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Table 4.3 Temporospatial results at preferred & top walking speed for controls and knee replacement 
patients 
 
 
 
 
The values are indicated as means ± standard deviation; †significant difference between implant versus control (p <0.05); ‡significant 
difference between implant groups (p <0.05); H= speed normalized to leg length; BW=normalized to body weight. 
 
 
  
Variable Preferred Walking Speed (PWS) Top Walking Speed (TWS) 
 Control 
(n=14) 
UKR 
(n=21) 
TKR 
(n=21) 
Control 
(n=14) 
UKR 
(n=21) 
TKR 
(n=21) 
Speed (m/sec) 1.35±0.07 1.26±0.09† 1.22±0.09† 2.04±0.19 1.88±0.22† 1.66±0.19 †,‡ 
Hof Speed (H) 0.45±0.02 0.43±0.03†  0.42±0.03† 0.69±0.05 0.63±0.05 0.56±0.05 †,‡ 
Cadence (step/min) 115±11 118±7 116±9 139±13 135±12 132±8 
Step Length (cm) 79±6 71±7 † 70±9† 97±8 91±9 84±10 † 
Stride Length (cm) 156±13 140±14† 138±19† 190±17 183±22 167±20 † 
Contact Time (sec) 0.69±0.07 0.68±0.04 0.69±0.05 0.56±0.05 0.57±0.03 0.60±0.04 
Step Time (sec) 0.53±0.06 0.55±0.12 0.57±0.13 0.50±0.11 0.52±0.15 0.48±0.08 
SingleLimbStance (sec) 0.37±0.05 0.35±0.04 0.36±0.06 0.33±0.05 0.33±0.04 0.32±0.03 
Gait Width (cm) 11.4±2.7  13.7±3.4† 13.7±3.3† 10.7±2.4 12.5±2.8 13.4±2.1† 
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Table 4.4 Ground reaction forces at preferred & top walking speed for controls and knee replacement patients 
 
Variable Preferred Walking Speed (PWS) Top Walking Speed (TWS) 
 Control 
(n=14) 
UKR 
(n=21) 
TKR 
(n=21) 
 Control 
(n=14) 
UKR 
(n=21) 
 TKR 
(n=21) 
 
Limb Dominant Implanted Non Implanted Implanted Non-Implanted Dominant Implanted Non-Implanted Implanted Non-Implanted 
Weight Acceptance (BW) 1.19±0.09 1.17±0.11 1.19±0.11 1.15±0.10  1.14±0.11† 1.56±0.13 1.51±0.11 1.51±0.11 1.37±0.18 †,‡ 1.35±0.16†,‡ 
Push-Off (BW) 1.10±0.07 1.02±0.08† 1.05±0.07† 1.04±0.07 † 1.05±0.09† 1.05±0.09 1.00±0.13 1.01±0.12 1.03±0.12  1.05±0.11 
Mid Stance (BW) 0.77±0.05 0.82±0.05 0.80±0.06 0.84±0.07† 0.82±0.07† 0.52±0.11 0.60±0.13 0.59±0.11 0.69±0.14† 0.68±0.13† 
Loading Rate (BW/sec) 10.2±2.0 10.8±3.1 10.8±2.9 10.5±3.7 10.2±2.6 23.5±6.6 21.8±5.2 20.8±4.5 20.0±4.6 18.4.2±3.9 
PushOff Rate (BW/sec) 9.2±1.7 8.2±1.0 8.5±1.1 8.3±1.1 8.5±1.1 10.6±1.9 9.0±2.1 9.7±2.1 8.7±2.3 9.0±2.0 
Impulse (BW/sec) 0.55±0.05 0.53±0.03 0.53±0.03 0.54±0.04† 0.54±0.04† 0.45±0.05 0.45±0.03 0.45±0.03 0.48±0.03 0.48±0.03 
 
 
The values are indicated as means ± standard deviation; †significant difference between implant versus control (p <0.05); ‡significant difference between implant groups (p <0.05); BW=normalized to body weight. 
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Table 4.5 Vertical ground reaction force symmetry indices at preferred and top walking speed 
 
 
 
The values are indicated as means ± standard deviation; †significant difference between implant versus control (p <0.05); ‡significant 
difference between implant groups (p <0.05); %= percent difference between limbs. 
 
 
 
Figure 4.3 Average gait cycle of control (N=14), UKR (N=21) and TKR (N=21) at preferred walking speed  
 
 
Figure 4.4 Average gait cycle of control (N=14) and UKR (N=21) at preferred walking speed  
 
Variable Preferred Walking Speed (PWS) Top Walking Speed (TWS) 
 Control 
(n=14) 
UKR 
(n=21) 
TKR 
(n=21) 
Control 
(n=14) 
UKR 
(n=21) 
TKR 
(n=21) 
WeightAcceptance (%) 0.2±2.3 -1.5±5.7 1.5±6.6 0.2±4.6 -0.4±5.48  1.2±9.7 
Push-Off (%) -2.7±2.2 -2.7±4.0  -1.5±5.7 -1.6±5.3 -2.9±5.6  -1.4±7.1 
Mid-Stance (%) 2.2±2.6 1.6±3.9 2.1±4.9 -2.4±12.9 2.3±10.7 1.5±10.7 
Impulse (%) -0.3±2.3 -1.0±2.6 1.0±3.7 -0.4±2.7 -0.8±4.0 -0.5±4.7 
Step Length (%) 1.7±2.4 -0.5±3.3  0.5±4.6 1.0±2.7 -0.4±3.1 -2.1±4.1 
Contact Time (%) -0.3±2.2 -0.13±1.5 0.7±2.5 -0.7±2.7 -0.2±2.2 0.1±2.5 
SingleLimbStance (%) -0.8±7.3 -0.1±5.9 0.7±10.7 2.1±7.7 -0.3±8.7 -1.9±7.3 
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Figure 4.5 Average gait cycle of control (N=14) and TKR (N=21) at preferred walking speed  
 
 
At top walking speed (TWS) the differences between knee replacement groups became 
apparent (Table 4.3). The UKR group walked 12% faster than the TKR group.  This finding 
persisted after Hof scaling, which normalised for leg length. The significant (p<0.001) 
difference in speed between the two replacement groups was due to reduced step length 
(p<0.001) and stride length (p=0.004) despite having similar cadences (p=0.687) in the TKR 
patients. The TKR group walked with a wider base of gait (p=0.032) and significantly spared 
loading during weight acceptance (p=0.002) than the control group.  During the stance phase 
the TKR group also had a less marked drop (p=0.01) in the midstance (Figure 4.6) unlike the 
UKR group which was similar to controls. Despite UKR patients being faster than the TKR 
group, they were significantly slower than the control group (p=0.02). UKR group however 
were not statistically different with regards to step and stride length unlike the TKR group. 
The UKR group were able to load without any restraints and were almost identical to the 
control group as seen in figure 4.6. When assessing symmetry indices (Table 4.5) both knee 
replacement groups walked symmetrically, this was also evident in the graphs of ground 
reaction forces (Figure 4.7 and 4.8).  
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Figure 4.6 Average gait cycle of control (N=14), UKR (N=21) and TKR (N=21)) at top walking speed  
 
Figure 4.7 Average gait cycle of control (N=14) and TKR (N=21) at top walking speed  
 
 
 
Figure 4.8 Average gait cycle of control (N=14) and UKR (N=21) at top walking speed  
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4.4 Discussion 
The most important finding of this flat walking gait study was that gait patterns after UKR 
resembled the normal controls more than the TKR.  The UKR group walked 12% faster than 
the TKR group. The difference in speed appeared largely due to significantly longer stride 
length and more normal loading pattern in the UKR group. When assessing the gait pattern of 
the TKR patients, they walked with a wider base of gait and had the inability to put their foot 
down during weight acceptance to gain speed. They also did not have the deep valley 
midstance as seen in typical “M” shaped ground reaction forces during walking gait. One 
hypothesis for these findings has to do with the kinematics of the TKR implant. In a recent 
optical gait study comparing TKR and UKR patients while walking downstairs, TKR patients 
had significantly less rotation in the transverse plane(56) while in a different study the UKR 
patients were noted to be similar to controls(57).  Reduced transverse rotation would prevent 
TKR patients from achieving full step length as the knee would not be able to fully extend 
and flex as there would be loss of normal screw home mechanism. Furthermore the finding of 
abnormal midstance valley in the TKR group provides additional evidence that TKRs are 
unable to go through the normal range of motion as midstance is the transition between 
weight acceptance and pushoff by which the knee goes from full extension to commence 
flexion. Interestingly in a study examining ACL deficient knees and controls, subjects with 
ACL deficiency were unable to have the normal dampened midstance ground reaction forces 
and it was found that these patients were “stiffening” by contracting their muscles 
(hamstring-quadricep co-contraction) around the knee to achieve stability(58).  In spite of the 
reduced midstance seen in the TKR implanted side, it appears the midstance in the non-
implanted side in the same patient behaved similarly. This is likely an adaptive process to 
maintain symmetry. Even though there were differences seen between the knee groups at 
higher speeds, both knee replacement patients matched the controls with regards to symmetry 
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in all parameters. These results reflect that both implants have achieved the intended result of 
a stable knee.   
Although other studies have reported functional gait differences between knee arthroplasty 
procedures, a comparison of top walking speed gait patterns after differing arthroplasty have 
not been reported to our knowledge so comparing results is not possible. Despite the 
headlines, it is important to note that both joint replacing surgeries, no matter how minimally 
invasive, had significant differences to the controls, but these were more significant in the 
TKR group.  
The limitations of this study include most notably that patients were not randomized, so 
systematic bias may exist. Furthermore the prospective study did not have pre-operative gait 
measurements or functional scores taken, which would allow improved understanding of gait 
and biomechanics after a certain knee replacement.  The assessment of walking perhaps the 
most important measure of daily living, only measured a specific function, which might not 
assess global knee function. Additionally, while the fast walking assessment described the 
gait pattern differences seen in differing knee arthroplasties for the first time, it sadly was not 
able to directly determine the exact cause for these differences. Future studies using clever 
optical (video) or fluoroscopic gait analysis data may give insight to the exact cause for these 
differences in gait.  This study also concentrated only on well performing knee arthroplasty 
patients, and so a prospective study is now in progress, which may show greater gait 
abnormalities among a wider patient selection and prevent a potential testing bias seen with 
handpicked patients with differing aspirations and muscle function.  
The strengths of this study include groups of knee replacement patients that were otherwise 
well matched for age, sex, height, BMI, PROMs, and post-op period.  It tested the patients on 
average greater than 27 months and allowed patient to be comfortably tested to their limits. 
The addition of a similarly aged control group allowed us to make comparisons that would be 
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consistent with healthy population biomechanics. Finally we have been able to develop a 
sensitive and reliable metric of maximum walking speed that could be repeated on any 
treadmill in physiotherapy gyms as a simple measure of rehabilitation or higher level 
function.  
 
4.5 Conclusion 
By allowing patients to achieve their top walking speed by gradually increasing from a slow 
cadence and pace on an uninterrupted walking platform, we have been able to show TKR  
patients walking substantially faster than any previously reported series in a conventional gait 
lab, yet still substantially slower than the UKR group.  This technology has allowed us to 
describe the impact of knee arthroplasty on gait biomechanics, showing the gait 
characteristics of the two proven knee replacement procedures.  Our findings demonstrate 
that the UKR group more closely resembled the healthy knee in majority of the variables.  
These findings may give insight to future implant designs especially considering preserving 
important native stabilising structures in the knee.  
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Chapter 5  
Comparing the downhill gait pattern  
of unicompartmental and total knee replacement 
5.1 Introduction 
5.1.1 Downhill walking 
Downhill walking is a commonly performed activity. Recently there has been an increasing 
interest in downhill gait, especially in the elderly(59-61). The primary reason for this interest 
is in part due to the reduced metabolic requirement on this cohort of patients with reduced 
exercise tolerance with the advantage of improving muscle strength and coordination(59).  
Downhill walking is largely an eccentric exercise that has reported 12% less cardiac output 
with 25% less oxygen consumption when compared to walking on the flat in elderly 
patients(59).  Furthermore in a different study analyzing muscle forces going downhill, it was 
found with increasing declinations different proportions of muscle activation occurs, 
quadricep and calf muscles have an inverse relationship with the former becoming more 
active in greater declinations(62). It was also found in that study that quadriceps muscle force 
doubled when walking on a -6 degree decline and went up by over 500% when going to -18 
degrees downhill as compared to flat walking.  This finding is important as the elderly tend to 
develop sarcopenia especially in large muscles such as the quadriceps which is perhaps one 
of the most important muscles in the lower limbs as it drives the knee and propels gait(60). 
This finding can help rehabilitate and develop primary gait muscles to improve walking. 
Interestingly a study done by Gault et al. found that elderly subjects having 30 mins of 
downhill walking 3x times per week had significant increase in quadriceps force at 12 weeks 
with significant improvement in vastus medialis and rectus femoris electromyography (EMG) 
activity(63).  
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Another reason for the growing interest in downhill gait is get a better understanding of lower 
limb biomechanics while performing this common task. A recent paper comparing ground 
reaction forces between the young and the elderly while walking downhill at – 9 degrees 
demonstrated a 17% reduction in push-off force from the trailing leg while walking downhill. 
This significant reduction was felt to be due to proximal to distal muscle redistribution as 
there was significant differences in leg work rates(60). Furthermore another recent study on 
downhill gait found that patients with different type of knee osteoarthritis (OA) have 
differing downhill knee biomechanics(61). Patients with medial tibiofemoral OA were found 
to have adducted with externally rotated knees while walking downhill, whereas patients with 
lateral tibiofemoral OA had abducted and internally rotated knees.  Another study found that 
OA patients with self-reported instability had gaits similar to patients with ACL deficiency 
and after total knee replacement, whereas OA patients without reported instability did 
not(64). 
5.1.2 Total knee and unicompartmental knee functional differences 
The last decade has seen no increase in the use of unicompartmental knee replacement (UKR) 
despite reports of ease of revision, less blood transfusions, less deep vein thrombosis, 
decreased length of stay and reduced 30 day mortality(65-69).  The primary reason for this is 
the substantially lower revision rates in total knee replacement (TKR) as reported by the 
registries(46, 70). This empowers surgeons to recommend it as implant survival is a 
therapeutic measure of success. Nevertheless UKR have documented better patient reported 
outcome measures and more normal gait patterns with similar survival in high volume 
centres(71-74).  TKR proponents however cite no differences when comparing before and 
after arthroplasty measurements(48, 67). For these reasons a functional difference should be 
demonstrated in an anatomy preserving procedure for use in unicompartmental knee 
arthrosis.  
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The anterior cruciate ligament (ACL) has documented restraint and proprioceptive 
function(75) and deficiency is known to cause walking difficulty especially when going 
downhill(76, 77). So the measurement of this task appears appropriate to determine if 
functional deficits or advantages exist between procedures that sacrifice or preserve the 
ACL(78).  Furthermore, published literature has up till now, failed to define the effect that 
different types of knee replacement procedures have on the ability to walk downhill. As 
downhill walking is a commonly performed everyday activity, knowledge on the topic is 
therefore clinically important. This study gives new information on how knee replacement 
affects routine function.   An instrumented treadmill going downhill would have an advantage 
over a traditional gait lab as it would allow testing at a greater range of speeds and assess 
associated joint loading in terms of ground reaction forces(74). Furthermore downhill 
treadmill gait analysis would help minimize the potential selection bias as recent works have 
reported metabolic consumption reduced by up to 25%  in the elderly when comparing 
downhill and level walking(59, 79).   Therefore the purpose of the study was (1) to determine 
if downhill walking is a useful way of reporting functional differences between differing knee 
replacements and (2) to compare downhill gait patterns and kinematics of knee replacement 
patients to healthy controls. The alternative hypothesis was that an ACL sacrificing 
procedure, TKR, would have decreased stride length and an ACL sparing procedure, UKR, 
would have a more normal gait pattern 
 
5.2 Material and Methods 
5.2.1 Participants 
Fifty two subjects were tested on the instrumented treadmill, 3 groups (UKR, TKR, 
and young healthy control) of 19, 14, and 19 respectively.  The two high performing knee 
replacement groups were recruited from the hospital database of patients who had undergone 
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knee replacement. The patients with a minimum 12 months after replacement with excellent 
patient reported outcome measures were initially screened.  They were then included to 
testing if they had unilateral or bilateral knee disease with associated knee arthroplasty and 
were cardiovascularly fit, with no further joint or lower limb disease.  Patients with non-knee 
replacement, neurological, medical or any other lower limb disease that might affect the top 
walking performance and speed were excluded. The process of selection was done over the 
phone by the means of an ethically approved participant information sheet with set out 
inclusion and exclusion criteria because testing on a treadmill could be potentially harmful 
and so patients with chronic obstructive pulmonary disease, angina, ischaemic heart disease, 
stroke, neuropathy etc., were not included.  Subjects were recruited by a research assistant 
who kept the treadmill assessor blinded to prevent bias. A young healthy control group was 
also recruited who had normal knees with intact ACLs for comparison. Controls consisted of 
hospital and university members, who were healthy with no neurological or lower limb/joint 
disease and had active lifestyles.   
 
5.2.2 Surgical Intervention and Rehabilitation 
 
All 33 arthroplasty subjects were operated through the anteromedial approach by 
senior surgical authors who had extensive experience in knee replacement. The UKR group, 
with the ACL confirmed to be intact intraoperatively,  had cemented or uncemented Oxford 
unicompartmental knee replacements (Biomet, Swindon UK) inserted by one author (JPC) 
who primarily undertakes this procedure, while the total knee replacements were inserted by 
the other senior author (RS) who primarily performs TKR.  The TKR group had cemented 
cruciate retaining (CR) Genesis II total knee replacements (Smith & Nephew, Warwick, UK).  
All subjects had undergone standard rehabilitation programs with full weight bearing allowed 
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from day one postoperatively. There were no documented postoperative complications and all 
subjects had been discharged from routine follow up.    
 
5.2.3 Patient Related Outcome Measures and Anthropometric Measures 
 
Before gait performance was analyzed, Oxford knee score (OKS), University of 
California, Los Angeles (UCLA) and EuroQol 5 part questionnaire (EQ-5D) with the 
EuroQol visual analogue scale (EQ-VAS) scores were obtained(4, 5, 34).  After the 
psychometric score assessment, the subject’s height, weight and leg length were recorded.  
The leg length was measured by taking the distance between the anterior superior iliac spine 
(ASIS) and the medial malleolus on the ipsilateral side and was taken for both sides(35).    
 
5.2.4 Gait Analysis 
 
Gait performance was tested on a validated instrumented treadmill (Kistler Gaitway®, 
Kistler Instrument Corporation, Amherst NY)(7, 16).  The treadmill was manufactured and 
calibrated with tandem piezo-electric force plates beneath the treadmill belt, which measured 
vertical ground reaction forces (GRF) and associated temporo-spatial variables.  The 
monitoring software included a patented algorithm which distinguished left and right foot 
strikes. The treadmill had a speed range of 0.1 to 22.0 km/hr and adjustable in 0.1km/hr 
increments.  The rear of the treadmill was ramped with 30 cm axle stands in order to create a 
7 degree decline for downhill walking. This was highest it could be ramped before the front 
touched the floor. Before every testing, the force plates were calibrated to ensure accuracy. 
Before treadmill testing began, all participants had to give informed consent to the 
researcher who was blinded to the type of knee arthroplasty.  After a 6 minute acclimatization 
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period as suggested by Matsas et al(53), the patients’ downhill preferred walking speed 
(PWS), which was chosen subjectively by the subject was assessed by either increasing or 
decreasing at 0.1km/hr increments.  After the downhill PWS was attained, the speed was 
increased incrementally until downhill top walking speed (TWS) was attained. Downhill 
TWS was documented as the fastest the subject could walk without running. All walking 
measurements were collected without the aid of handrails or other props. The procedure 
generally took 12 minutes of continuous walking and was completed without difficulty by all 
subjects.  At all incremental intervals of speed, the vertical component of the ground reaction 
forces, center of pressure (COP) and temporal measurements were collected for both limbs 
with a sampling frequency of 100Hz over 10 seconds. Hof scaling and body weight 
normalising was also applied to the outputted mechanical data to correct for leg length and 
mass differences, respectively(54). All treadmill outputted mechanical data was subject to 
averaging by custom written MATLAB software script to handle the large amount of 
continuous data being exported, as a 10 second interval normally entailed a minimum of 6 
steps for each limb. The data was further broken into implant and non-implanted limbs for the 
arthroplasty groups and dominant and non-dominant limbs for the healthy control group. At 
all speed intervals of data collection, a physical check was done to ensure data acquisition 
was complete without any obvious errors. Step length was defined as the distance from a 
foot’s initial heel contact to the initial heel contact of the opposing foot, whereas stride length 
was the distance from a foot’s initial heel contact to the following heel contact of the same 
foot. Gait width was the medial to lateral separation distance between left and right heel 
contact.  Figure 3.1 is a picture of a subject walking downhill. Ethical approval 
(10/H0807/101) was approved by the joint research office prior to commencement of the 
study. 
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Figure 5.1 Picture of a subject walking downhill 
 
5.2.5 Statistical Analysis 
 
A sample size calculation was done with G* Power prior to the study based on a 
previous study on flat top walking speed(74). The mean difference between UKR and TKR in 
this study was 0.8km/hr (0.22m/sec) with a standard deviation of 0.6km/hr (0.16m/sec) and 
0.8 km/hr (0.22m/sec) respectively. The effect size was calculated to be 1.13 and with the 
power set at 0.90 and α =0.05, a sample size of 30 was calculated, 15 in each arthroplasty 
group.  
 Statistical analysis was performed with SPSS (IBM SPSS Statistics, version 20). The 
variables for each of the subject group were compared to each other using an one-way 
analysis of variance (ANOVA) with Tukey post hoc test.  For continuous variables between 
the arthroplasty groups an independent t-test was used and for categorical variable (gender), a 
chi squared test was used. A significance level of α=0.05 was used throughout.  
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5.3 Results 
5.3.1 Subject Demographics 
Patient demographic data were well matched for the UKR and TKR groups.  The 
gender, age, body mass index (BMI) and height were similar in each group (Table 1). The 
follow-up periods of gait analysis for the knee replacement groups were also similar. The 
healthy control group consisted of 13 males and 6 females; their BMI, height and age were 
predictably significantly different than the arthroplasty groups as they were chosen to ensure 
a normal ACL and downhill walking.   
Table 5.1 Subject demographics for downhill walking 
 
Subject Control UKR TKR 
Sex M:F 13:6† 9:10 6:8 
Age (yrs) 28.1± 10.6† 64.8 ± 5.0 67.5 ± 9.2 
BMI 24.2 ± 3.2† 29.3 ± 4.1 29.1 ± 4.5 
Leg Length (cm) 93.2 ± 5.1 89.9 ± 3.6 90.5 ± 6.4 
Height (cm) 175.1 ±8.2† 168.6 ± 6.5 166.2 ± 11.2 
Follow-up (months) NA 25.8 ± 13.1 27.3 ± 14.7 
  
The values are indicated as means ± standard deviation; †significant difference between patient groups versus control (p <0.05); ‡significant 
difference between patient groups (p <0.05). 
 
5.3.2 Patient Reported Outcome Measures 
 Both arthroplasty group outcome scores were substantially better than the average 
reported by national joint registries. However UKR scored significantly higher than TKR in 
both OKS (44.8 vs 41.9, p=0.03) and EQ-5D (0.93 vs 0.82, p=0.02). The difference between 
UKR and TKR reported by both UCLA (7.6 vs 7.0, p=0.16) and EQ-VAS (85 vs 77, p=0.18) 
did not reach significance.  
Table 5.2 Patient reported outcome measures  
 
PROM UKR TKR p 
Oxford 44.8 ± 2.9 41.9 ± 4.7 0.03 
UCLA 7.6 ± 1.3 7.0 ± 1.4 0.16 
EQ-5D 0.93 ± 0.10 0.82 ± 0.13 0.02 
EQ-VAS 84.9 ± 14.1 77.1 ± 15.4 0.18 
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5.3.3 Treadmill Gait Analysis 
 
At a comfortable or ‘preferred’ downhill walking speed, all three groups (UKR, TKR, 
Control) demonstrated similar temporal-spatial and ground reaction force results (Table 5.3, 
5.4 and Figure 5.2, 5.3, 5.4).  Width of gait was the only variable at PWS which statistically 
distinguished both UKR and TKR groups (p<0.003) from the healthy controls. The controls 
had a mean of 11.0cm gait width compared to the 13.4 and 14.0cm as found in the UKR and 
TKR respectively. 
 
 
Table 5.3 Temporospatial results at PWS and TWS for downhill walking 
 
 
The values are indicated as means ± standard deviation; †significant difference between implant versus control (p <0.05); 
‡significant difference between implant groups (p <0.05); H=normalized to leg length. 
 
 
  
Variable Preferred Walking Speed (PWS) Top Walking Speed (TWS) 
 Control 
(n=19) 
UKR 
(n=19) 
TKR 
(n=14) 
Control 
(n=19) 
UKR 
(n=19) 
TKR 
(n=14) 
Speed (m/sec) 1.32±0.08 1.28±0.07 1.28±0.08 1.91±0.07 1.75±0.14† 1.52±0.13 †,‡ 
Hof Speed (H) 0.44±0.03 0.43±0.02  0.43±0.02 0.63±0.03 0.59±0.05† 0.51±0.04 †,‡ 
Cadence (step/min) 119±6 123±6 128±11† 133±5 135±8 134±10 
Step Length (cm) 71±6 70±4  67±7 92±7 86±7† 75±8†‡ 
Stride Length (cm) 143±12 139±8 134±13 185±13 173±14 150±17 †‡ 
Contact Time (sec) 0.69±0.05 0.66±0.04 0.65±0.08 0.59±0.04 0.58±0.05 0.60±0.06 
Step Time (sec) 0.51±0.03 0.49±0.03 0.48±0.05 0.46±0.03 0.44±0.02 0.44±0.04 
SingleLimbStance (sec) 0.36±0.02 0.32±0.05 0.33±0.04 0.33±0.02 0.31±0.04 0.33±0.05 
Gait Width (cm) 11.0±2.7  13.4±2.9† 14.0±2.5† 10.6±2.0 13.2±2.5† 13.6±2.3† 
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Table 5.4 Vertical ground reaction forces at PWS and TWS for downhill walking 
 
Variable Downhill Preferred Walking Speed (PWS) Downhill Top Walking Speed (TWS) 
 Control 
(n=19) 
UKR 
(n=19) 
TKR 
(n=14) 
 Control 
(n=19) 
UKR 
(n=19) 
 TKR 
(n=14) 
 
Limb Dominant Implanted Non Implanted Implanted Non-Implanted Dominant Implanted Non-Implanted Implanted Non-Implanted 
Weight Acceptance (BW) 1.40±0.11 1.37±0.11 1.39±0.11 1.37±0.17 1.33±0.16 1.70±0.11 1.63±0.15† 1.66±0.16 1.47±0.16 †,‡ 1.47±0.18†,‡ 
Push-Off (BW) 0.91±0.09 0.90±0.05 0.91±0.05 0.91±0.07  0.92±0.06 0.84±0.09 0.83±0.08 0.84±0.08 0.88±0.09  0.87±0.09 
Mid Stance (BW) 0.72±0.11 0.77±0.09 0.77±0.07 0.77±0.10 0.78±0.11 0.54±0.10 0.72±0.14† 0.70±0.13† 0.76±0.12† 0.77±0.14† 
Loading Rate (BW/sec) 14.7±3.4 16.9±3.5 16.2±3.7 18.9±5.3† 17.8±5.6 27.5±6.5 25.1±6.0 26.4±7.3 25.1±5.9 23.4±6.3 
PushOff Rate (BW/sec) 6.7±1.9 6.2±2.0 6.0±1.9 6.1±2.0 6.6±2.1 6.6±2.4 4.9±2.2 5.4±2.1† 5.5±2.1 6.6±2.2 
Impulse (BW/sec) 0.52±0.03 0.50±0.03 0.51±0.03 0.49±0.05 0.48±0.05 0.46±0.02 0.45±0.02 0.46±0.03 0.46±0.04 0.45±0.04 
 
The values are indicated as means ± standard deviation; †significant difference between implant versus control (p <0.05); ‡significant difference between implant groups (p <0.05); BW=normalized to body weight.
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 When walking fast downhill, at TWS, the differences became more apparent (Figure 
5.5, 5.6, 5.7). The UKA patients walked 15% faster than the TKA patients (1.75 vs 1.52 
m/sec p<0.0001) (Table 3) despite having the same mean cadence (133.9 vs 134.9step/min).  
The 15% difference in speed between the knee replacement groups was largely due to the 
reduced mean step (p=0.001) and stride lengths (p=0.0007) seen in the TKR patients.   These 
findings persisted after Hof scaling, which normalised speed for leg length (p<0.0001).   Both 
knee replacement groups when compared to the control group were significantly (p<0.05) 
inferior with regards to speed, step length and gait width but this inferiority was more marked 
in the TKR group. 
The vertical ground reaction force data (Table 5.4 and Figures 5.2-5.7) of the UKR 
patients were nearer to normal than were the TKR patients at downhill TWS; however they 
both had significantly less mean weight acceptance force when compared to the young 
healthy controls.  Both knee replacement groups appeared to load symmetrically when 
compared to loading to the contralateral limbs (Figure 5.2-5.7). The UKR however had a 
noticeable reduction in pushoff force in the implanted limb when compared to the 
contralateral limb (figure 5.7), while the TKR group failed to offload in midstance.  
  
Fig 5.2 Average downhill gait cycle of control (n=19), UKR (n=19) and TKR (n=14) at preferred walking 
speed 
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Fig 5.3 Average downhill gait cycle of control (n=19) and TKR (n=14) at preferred walking speed 
 
 
Fig 5.4 Average downhill gait cycle of control (n=19) and UKR (n=19) at preferred walking speed 
 
 
Fig 5.5 Average downhill gait cycle of control (n=19), UKR (n=19) and TKR (n=14) at top walking speed 
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Fig 5.6 Average downhill gait cycle of control (n=19) and TKR (n=14) at top walking speed 
 
 
Fig 5.7 Average downhill gait cycle of control (n=19) and UKR (n=19) at top walking speed 
 
5.4 Discussion 
The most important finding of this downhill gait study was that gait patterns after UKR 
resembled the normal controls more than the TKR. The UKR group walked 15% faster than 
the TKR group. The difference in speed appeared largely due to significantly longer stride 
length and more normal weight acceptance in the UKR group. Muscle strength was 
speculated to be the cause for the difference, but looking at a recent prospective study 
comparing bicompartmental knee arthroplasty (BKA) and TKR, it appears despite being 11 
years younger on average, the anatomically sparing procedure, BKR, had no significant 
71 
 
muscle strength advantage at any interval (6m, 12m) after the operation (80). Assessing 
individual knee replacement studies on muscle power, the studies acknowledge that muscle 
power are not restored to healthy control levels irrespective of knee replacement procedures. 
Analyzing these studies further, the reduced differences were similar when compared to the 
normal control group in the respective knee replacement studies(81-83). Interestingly in this 
study, despite being slower, the TKR group was able to generate almost identical rate 
(133.9vs 134.9per/min) of steps per minute (cadence) as the UKR group, which supports that 
both groups had good muscle power driving the joint.  However, the TKR could not produce 
the step and stride lengths like the UKR group. The difference seen in step and stride length 
may be due to weight acceptance, which was significantly higher in the UKR group and was 
more normal when compared to the controls. Though the study was not able to determine the 
exact cause of the more normal gait pattern, it did confirm our hypothesis that the TKR had a 
shorter stride length and less normal gait pattern. An intact ACL should not be ignored as the 
reason for this, yet we do not have any evidence for this. 
Although other studies have reported functional gait differences between knee replacement 
procedures, a comparison of downhill gait patterns after differing knee replacements have not 
been reported to our knowledge so comparing results is not possible. Despite the headlines, it 
is important to note that both joint replacing operations, no matter how minimally invasive, 
had significant differences with regards to weight acceptance, midstance, speed and gait 
width when compared to young controls. Age (66vs 28yr) may have played a part for these 
differences. Recent works have shown significantly decreased push-off ground reaction 
forces in the elderly when compared to the young when going downhill and it is speculated 
due to quadriceps sarcopenia and less reliance on ankle flexors in the trailing leg during 
stance phase (60).   
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The principal limitations are lack of randomization and a small sample size so systemic bias 
may exist. The small sample size was due to difficulty finding patients who had exclusively 
knee replacement with high functional scores with no further joint disease and had no 
medical problems to be tested at fast downhill walking speeds safely. In spite of lack of 
randomisation both of the replacement groups in our study had the same surgical approach 
and rehabilitation period and were tested at a similar time after their respective operations. 
Furthermore both groups were operated by the hospital’s most senior surgeons with large 
patient numbers, one of whom prefers UKR, and the other of whom, like most knee surgeons 
in the world, prefers TKR.  The secondary limitation was that the assessment of downhill 
walking, while perhaps an important measure of daily living, only measures a specific 
dimension of global knee function. However the downhill metric was purposely chosen as it 
requires less cardio-respiratory fitness as it is an eccentric and gravity dependent exercise 
with documented less oxygen consumption in the elderly(59, 60).  Additionally, while the 
downhill walking assessment described the gait pattern differences seen in differing knee 
replacement for the first time, it sadly was not able to directly determine the cause for these 
differences. Future studies using clever optical (video) or fluoroscopic in-vivo gait analysis 
data may give insight to the exact cause for these differences in gait.  This study also 
concentrated only on well performing knee replacement patients, and so a prospective study 
is now in progress, which may show greater gait abnormalities among a wider patient 
selection.  
The strength of this study is that it is the first to describe and compare downhill 
temporospatial and ground reaction forces on differing arthroplasty procedures while walking 
at slow and higher speeds. The study highlights that testing at slower speeds may be 
disguising functional differences as all three groups when tested at a slow PWS were almost 
identical and only at higher speeds did differences become apparent. The declination was 
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7°and did not cause any difficulty for the subjects when tested thus demonstrating the metric 
is safe for future studies.  Both knee replacement groups possessed good knee symmetry at 
higher speeds highlighting a stable construct of both knee replacements however the UKR 
had a clear advantage with a 15% difference in speed and more normal gait pattern. Given 
these findings along with previously published benefits it would be unwise not to discuss a 
UKR option to patients with unicompartmental knee arthrosis especially if higher 
performance is a priority to that patient.  
 
5.5 Conclusion  
The retrospective comparative study using an instrumented treadmill revealed that TKR 
patients were 15% slower downhill than the UKR patients who were closer to normal.  A 
near normal physiological gait pattern when walking downhill highlights the functional 
difference between knee replacement groups.  
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Chapter 6: 
Comparing the gait pattern of  
hip resurfacing and total hip replacement 
 
 INTRODUCTION: 
6.1.1 Functional Anatomy 
The hip, anatomically known as the acetabulofemoral joint, is a strong and stable multiaxial 
ball and socket joint.  It is made of two bones, acetabulum proximally and femoral head 
distally that is connected by a strong fibrous capsule. The articulation of these bones plays an 
important role in human gait. The hip has three degrees of freedom, which allows movement 
in three different planes (flexion/extension, abduction/adduction, and internal/external 
rotation).  All three degrees of freedom are equally important with regards to gait especially 
walking. During straight line walking the hip is primarily used in flexion and extension. 
Internal/external rotation and abduction/adduction plays a more significant role with regards 
to change in direction. The degree of flexion and extension is directly related to step length 
during walking and by increasing the rate, cadence, will determine the velocity while 
walking.  
6.1.2 Hip Osteoarthritis 
Osteoarthritis of the hip affects 2.46 million people in England alone(25).  Osteoarthritis is 
primarily a degenerative condition cause by progressive wear of the articular surface of the 
joint due to overuse. It is the most common cause of pain and disability in the hip, especially 
in the elderly(25). Over 726, 000 will have severe disabling hip osteoarthritis that need 
treatment. It is a major cause of morbidity and women are two times more likely to have the 
condition than men. Treatment broadly can be broken into surgical and nonsurgical. 
Nonsurgical treatment consists of physiotherapy and pain control management regimes. 
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Surgical treatment is primarily done by joint replacement, where by in the hip the femoral 
head and acetabulum is replaced or resurfaced.  Remarkably over 66,000 people in 2011in 
England and Wales had a total hip replacement due to disabling osteoarthritis(3). This 
comprises 93% of all patients having total hip replacements in that year.  That number is 
expected to steadily rise due to an increasing aging population with high aspirations. 
Furthermore hip replacement is 7 times more cost effective than a drug priced at the threshold 
NICE uses (BOA guidance based on hip costing 4288 and threshold of 30k). 
6.1.3 Hip replacement types 
Fundamentally hip joint replacement can be divided into hip resurfacing (HR) or total hip 
replacement (THR). However there are a number of materials, designs and surgical 
approaches for each of these replacement procedures. In a total hip replacement, the femoral 
head and neck is excised and a metal stem is inserted into the canal of the femur with a head 
attached at the proximal end. The acetabulum is roughened and deepened in order to accept a 
new artificial socket. The size of the socket is dependent on the head size. The conventional 
head size is 28mm in diameter and the socket increases with head size.  Figure 6.1 gives a 
depiction of this and has been adopted from www.orthoinfo.aaos.org.  
 
 
Figure 6.1 Conventional total hip replacement 
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Hip resurfacing differs than total hip replacement primarily from the femoral side. Rather 
than excising the neck and head, the neck is spared and the head is shaved and resurfaced 
with a large metal head. The size is generally between 48-58mm and fitted based on the size 
of the native femoral head. The acetabular side is treated the same as in the total hip 
replacement. Hip resurfacing is a large metal on metal head and socket device relative to a 
smaller head and socket device in total hip replacements. Figure 6.2 gives a depiction of a hip 
resurfacing and has been adopted from www.hipandknee.com.  
 
 
 
Figure 6.2 Hip resurfacing 
6.1.4 Functional differences of replacement types 
Hip resurfacing (HR) has been promoted as an alternative to standard total hip replacement 
(THR), enabling patients with hip osteoarthritis to pursue higher levels of function(8, 84, 85).  
However, recent randomized gait and posture laboratory studies have failed to demonstrate 
any functional advantage of the more bone conserving procedure(51, 86, 87). Recent 
comparisons of patient reported outcome measures (PROMs) using the Oxford Hips Score 
(OHS) have also failed to show any improvement in quality of life and functional outcome 
(88-90). Level of activity following HR has however been reported to be higher(91-93). The 
latest 5 and 10 year implant survivorship demonstrates that HR has clinically satisfactory 
outcome with 95% to 97% in studies in originator and high volume centres and its results 
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when measured by revision rate are comparable or even superior to THR in young men(94, 
95). The concern regarding metal particles being released into systemic blood circulation and 
locally from the metal on metal hip resurfacing has discouraged its use due to concern of hip 
failure and adverse outcomes(96, 97).  
In the light of a lack of data to support the idea that HR might give superior function to THR 
without any long term benefit with regards to implant survival; further questions have been 
raised to ask whether the correct conclusions have been reached(51). Patient reported 
outcome measures, while validated, reliable and free from observer bias, suffer from a ceiling 
effect(98, 99). That effect may prevent investigators from distinguishing between procedures 
or approaches which might offer clinically significant advantages(90). Furthermore, gait and 
posture laboratory data are meant to be sensitive for elucidating changes of patient function 
and outcome, but few studies have utilized metrics that have taken patients to their limits with 
regard to function(51, 100).  Speed of walking is a continuous variable that has been 
repeatedly recognized as an indicative outcome as it is standardized, objective, validated, 
reliable and assesses a function which predominantly brought the patient to surgery in the 
first instance(29, 101). Gait speed has also been associated with survival in older patients 
regarding cardiovascular mortality(29, 102). However most gait laboratory data involves the 
patient walking in a confined space, which may prevent them to achieve their maximal top 
walking speed and performance, because they may not have warmed up or achieved a steady 
state before the “runway” has ended(100, 103).   
The aim of this study was to test the limits of function of the two arthroplasty groups with an 
instrumented treadmill. The instrumented treadmill would have the advantage over a formal 
gait lab that would allow the subject to warm up, and gradually increase pace to their 
maximum walking speed, unrestricted by the confines of a gait lab(16, 21). It also has the 
added benefit of allowing users to safely increase the rate if they felt top walking speed had 
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not yet been achieved.  The primary objective of this study was to determine if that there 
would be a performance advantage for HR over THR in high performing groups of patients 
which had similar demographics, high psychometric scores and equivalent preoperative hip 
disease.  The secondary objective was to compare these arthroplasty results to a matched 
healthy control group, to distinguish whether the implanted limb would perform to the level 
of the native pre-morbid hip. The null hypothesis was that a matched group of hip 
replacement patients of differing types (THR & HR) would demonstrate no functional gait 
advantage. 
 
6.2 Materials and Methods 
 
6.2.1 Participants 
 
Between April and July 2011sixty seven subjects were tested on the instrumented 
treadmill, 3 groups (HR, THR and healthy control) of 22, 22 and 23 respectively.  The two 
high performing arthroplasty groups were recruited from a database of patient related 
outcome measures (PROMs) and were chosen based on high Oxford hip scores (OHS) with a 
minimum 12 months post hip replacement. They had unilateral hip disease and were 
cardiovascularly fit, with no further joint or lower limb disease.  Patients with bilateral hip 
arthroplasty, neurological, medical or any other lower limb disease that might affect the top 
walking performance and speed were excluded. All subjects were recruited by a research 
assistant who kept the treadmill assessor blinded to prevent any testing bias.  
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6.2.2 Power Calculation 
 
The study was initially powered based on recent prized work(51). In a study powered 
to detect a difference of 10% of normal walking speed, no difference was found between the 
two types of arthroplasty in a randomized trial (51). However, in his data, during fast walking 
there was the suggestion that a difference might be detectable between the arthroplasty 
groups in an adequately powered study. The mean projected difference was estimated at 
0.18m/sec. Therefore with a two-tailed test and a significance level of 0.05 with a power of 
90% and 0.18 standard deviation, it was determined 42 patients would be required to detect a 
difference of 10% in this two-arthroplasty parallel-design. A healthy control group was also 
recruited and consisted of hospital and university staff members, who were cardiovascularly 
fit with no neurological or lower limb/joint disease and had active lifestyles.  Ethical 
approvals were obtained before testing and all participants gave prior informed written 
consent  
 
6.2.3 Radiological Assessment 
 
Preoperative plain antero-posterior and lateral hip radiographs were evaluated to 
determine if the two groups had similar pre-replacement hip disease.  All plain radiographic 
images of the hip were assessed by one examiner (SK) who was blinded to the type of hip 
replacement subsequently performed.  Diagnosis and severity of the underlying cause was 
documented. Hip Radiographs of patients found to have OA were further graded to assess 
preoperative severity using Ahlback’s severity system(104). 
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6.2.4 Surgical Intervention and Rehabilitation 
 
All forty-four hip replacement subjects were operated through a posterior approach by 
senior surgical authors who had extensive experience in hip replacement. The HR group 
group had either Cormet (Corin, Cirencester  UK) or Birmingham (Smith&Nephew, 
Memphis TN, USA) implants inserted by one author who still undertakes this procedure 
regularly, while the total hips replacements were predominantly inserted by the other senior 
author who never performed HR nor recommended it to his patients.  The THR group had 
either uncemented Furlong (JRI Sheffield, UK) or cemented Exeter (Stryker, Marwah NJ 
USA) hips in place.  All subjects had undergone standard rehabilitation programmes with full 
weight bearing allowed from day one postoperatively. There were no documented 
postoperative complications and all subjects had been discharged from routine follow up.    
 
6.2.5 Patient Related Outcome Measures and Anthropometric Measures 
 
Before gait performance was analyzed, Oxford hip (OHS), University of California 
Los Angles (UCLA), Western Ontario & McMaster universities osteoarthritis (WOMAC),  
and EuroQol 5 part questionnaire (EQ-5D) with the EuroQol visual analogue scale (EQ-
VAS) scores were obtained with paper (appendix) questionnaires(4, 5, 34, 52).  High scores 
on the OHS, UCLA, EQ5-D and EQ-VAS and low scores on WOMAC signified better 
outcome. The UCLA activity score is out of 10. A score of 1 is no activity and 10 is 
participation in regular impact sports.  WOMAC index is a 24 question questionnaire that 
rates each question between 0 and 4.   Each question score are added with 96 being the worst 
and 0 being the best. After the psychometric score assessment, the subject’s height, weight 
and leg length were recorded; each was taken at least twice to minimize error.  The leg length 
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was measured by taking the distance between the anterior superior iliac spine (ASIS) and the 
medial malleolus on the ipsilateral side and was taken for both sides(35).    
6.2.6 Gait Analysis 
Gait performance was tested with an instrumented treadmill (Gaitway™ II, Kistler 
Instrument Corporation, Amherst NY)(7, 16, 18, 105).  The treadmill was equipped with two 
mounted in tandem (one plate in front of the other) piezo-electric force plates beneath the 
treadmill belt, which measured vertical ground reaction forces (GRF).  The monitoring 
software included a patented algorithm which distinguished left and right foot strikes. The 
treadmill had a speed range of 0.1 to 22.0 km/hr and adjustable in 0.1km/hr increments.  The 
treadmill conveyor belt was 150cm long and 50 cm wide and could handle subjects weighing 
up to 200kg. For safety, the treadmill had safety hand rails, an emergency stop button, a 
gantry to which a body harness was attached and a rip cord, which stopped the machine if the 
subject was coming off the rear (figure 3.3).  
 
 
Figure 6.3 Subject walking on the instrumented treadmill with safety equipment. 
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All safety features were adjusted to ensure that there was no tension to manipulate 
ground reaction forces. The safety gear allowed top potential performance to be assessed as it 
reduced the fear associated with high speeds and equally it reassured the researcher that the 
subject could be pushed to their limit in safety. Before treadmill testing began, all participants 
had to give informed consent to the researcher who was blinded to the type of hip 
arthroplasty.  All subjects wore their own comfortable walking shoes.  Once equipped with 
the safety system, the subject’s walking speed was increased at a steady and controlled rate 
up to 4km/hr.  After a 6 minute acclimatization period as suggested by Matsas(53), the 
patients preferred walking speed (PWS) was assessed by either increasing or decreasing at 
0.1km/hr increments.  After PWS was attained, the speed was increased incrementally until 
either the subject felt uncomfortable, or top walking speed (TWS) performance had 
deteriorated. Top walking speed was documented as the fastest the subject could walk 
without running. All walking measurements were collected without the aid of handrails or 
other props. The procedure generally took 12 minutes of continuous walking and was 
completed without difficulty by all subjects.  At all incremental intervals of speed, the 
vertical component of the ground reaction forces, center of pressure (COP) and temporal 
measurements were collected for both limbs with a sampling frequency of 100Hz over 10 
seconds. Hof scaling and body weight normalising was also applied to the outputted 
mechanical data to correct for leg length and mass differences, respectively(54). All treadmill 
outputted mechanical data was subject to averaging by custom written MATLAB software 
script to handle the large amount of continuous data being exported, as a 10 second interval 
normally entailed a minimum of 6 steps for each limb. The data was further broken into 
implant and non-implanted limbs for the replacement groups and dominant and non-dominant 
limbs for the healthy control group.  
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From the vertical ground reaction forces, the following were calculated: maximal 
weight acceptance at heel strike, mid-stance, and push-off forces, and the loading rate and 
push-off rate (Figure 3.4). Maximal weight acceptance was the first force peak to occur 
during the stance phase.  Push-off was the second peak to occur during the push off period 
during stance phase.  Mid-stance was the force trough between maximal weight acceptance 
and push-off.  Finally the loading rate was the upward slope of the first peak, whereas the 
push off rate was the downward slope of the second peak.  From the temporal data, the 
following were calculated: speed, cadence, contact time (stance phase), step time and single 
limb stance time. Cadence was the computed number of foot strikes per minute.  Contact time 
was the duration from the initial heel contact to the final toe-off of one limb while step time 
was the interval between the initial heel contact of one limb and the next initial heel contact 
of the contra-lateral limb. Single limb stance time was the period of time during a foot strike 
in which the body was supported by only one foot. For the center of pressure measures, the 
following were analysed: step length, stride length and gait width.  
 
 
Fig 6.4 Graphical depiction of terminology 
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6.2.7 Symmetry Index 
 
The symmetry index assessed the gait symmetry of the implanted limb to the contra-lateral 
normal limb.  It was calculated using the formula:   
 𝑆𝐼 =  
|𝑋1 − 𝑋2|
0.5 ∗  (𝑋1 + 𝑋2) 
 ∗ 100%  
 
Where X1 was the implanted limb measure and X2 was the contra-lateral normal limb 
measure(55). It gave a measure of percent difference between sides.  For the healthy controls 
dominant and non dominant limb, respectively, were used.  
 
6.2.8 Statistical Analysis 
 
Statistical analysis was performed with SPSS 19.0 (SPSS Inc, Chicago, IL).  The 
variables for each of the subject group were compared to each other using an analysis of 
variance (ANOVA) with Tukey post hoc test with significance set at α=0.05.  For continuous 
variables an independent t-test was used with significance set at α=0.05.  For categorical 
variables (gender and pre-operative x-ray diagnosis), a Pearson chi squared test was used.  
 
6.3 Results 
 
6.3.1 Subject Demographics 
 
Patient demographic data were well matched for the HR and THR groups (Table 6.1).  
Each hip replacement groups consisted of 22 patients and had 10 females and 12 males.  The 
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age and body mass index (BMI) were similar in each group. The follow-up periods of gait 
analysis for the hip replacement groups, however, were significantly different (p=0.003). The 
healthy control group consisted of 13 females and 10 males; their BMI were significantly less 
than the hip replacement groups. 
 
Table 6.1 Subject demographics for controls and hip replacement patients 
 
Subject HR THR Control 
Sex M:F 12:10 12:10 10:13 
Age (yrs) 60.2 ± 7.3 58.6 ± 11.6 53.4 ± 10.5 
Height (cm) 172.1 ± 7.3 172.4 ± 9.3 170.6 ± 10.4 
BMI 28.8 ± 5.9 29.1 ± 4.8 24.8 ± 3.1† 
Leg Length (cm) 91.2 ± 4.7 91.5 ± 5.9 90.5 ± 6.2 
Follow-up (months) 41 ± 29 21 ± 6‡ NA 
 
The values are indicated as means ± standard deviation; †significant difference between implant versus control (p <0.05); ‡significant 
difference between implant groups (p <0.05). 
 
 
6.3.2 Patient Related Outcome Measures 
 The OHS, WOMAC, UCLA, EQ-5D and EQ-VAS results were similar in both 
replacement groups (p>0.05; Table 3.2). 
 
Table 6.2 Patient Reported Outcome Measures (PROMs) for hip replacement patients 
 
PROM HR THR 
Oxford 46.0±2.0 46.4±2.1 
UCLA 7.2 ± 1.5 7.2 ± 1.9 
WOMAC 2.9 ± 3.9 2.1 ± 3.6 
EQ-5D 0.95 ± 0.09 0.89 ± 0.13 
EQ-VAS 85.6 ± 9.7 85.2 ± 10.4 
 
The values are indicated as means ± standard deviation; ‡significant difference between implant groups (p <0.05). 
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6.3.3 Radiographic Analysis 
 
The pre-operative plain radiographic diagnoses were similar (p=0.599). The HR 
group consisted of twenty patients with osteoarthritis and two cases of avascular necrosis of 
the femoral head (AVN). In the THR group, nineteen subjects had osteoarthritis, two had 
intra-capsular neck of femur fractures and one had AVN of the femoral head.  The severity of 
the osteoarthritis was similar using Ahlback grading (p=0.721).  In the HR group 6 patients 
had a grading of 3, and the remaining 14 had grade 4 out of 4.  The THR group had 5 subjects 
with a grade of 3 and 14 patients with a grade of 4 out of 4.  
 
6.3.4 Treadmill Gait Analysis 
At preferred walking speed (PWS), all three groups (HR, THR, Control) showed 
similar temporospatial results (Table 6.3).  When compared to controls, both HR and THR 
had reduced stride length at PWS but that reduction only reached significance for the THR 
group (p=0.004).  When assessing for symmetry (Table 6.5), the HR group were comparable 
to the healthy group (p=0.908), whereas the THR patients walked asymmetrically (p=0.036) 
and spared loading in the implanted limb at weight acceptance and push-off (Figure 6.5).  
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Table 6.3 Temporospatial results at PWS and TWS for controls and hip replacement patients 
 
 
The values are indicated as means ± standard deviation; †significant difference between implant versus control (p <0.05); 
‡significant difference between implant groups (p <0.05); H=normalized to leg length; BW=normalized to body weight. 
Variable Preferred Walking Speed (PWS) Top Walking Speed (TWS) 
 Control 
(n=23) 
HR 
(n=22) 
THR 
(n=22) 
Control 
(n=23) 
HR 
(n=22) 
THR 
(n=22) 
Speed (m/sec) 1.35±0.07 1.31±0.10 1.32±0.13 2.08±0.17 2.06±0.22 1.89±0.19 †,‡ 
Hof Speed (H) 0.45±0.02 0.44±0.03  0.44±0.05 0.70±0.06 0.69±0.07 0.63±0.06 †,‡ 
Cadence (step/min) 114±9 115±8 119±10 136±14 140±12 138±12 
Step Length (cm) 79±6 74±5 † 72±6† 99±9 95±6 90±7 †,‡ 
Stride Length (cm) 156±11 149±10 144±14† 196±18 189±12 176±14 †,‡ 
Contact Time (sec) 0.68±0.06 0.69±0.05 0.65±0.09 0.55±0.05 0.56±0.05 0.57±0.04 
Step Time (sec) 0.53±0.05 0.52±0.04 0.52±0.06 0.48±0.09 0.43±0.05 0.45±0.05 
SingleLimbStance (sec) 0.37±0.05 0.36±0.03 0.35±0.03 0.33±0.04 0.31±0.04 0.33±0.04 
Gait Width (cm) 11.5±3.1  13.3±2.1 13.1±3.1 11.2±3.1 12.9±1.8  12.4±2.1 
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Table 6.4 Ground reaction forces at PWS and TWS for controls and hip replacement patients 
 
Variable Preferred Walking Speed (PWS) Top Walking Speed (TWS) 
 Control 
(n=23) 
HR 
(n=22) 
THR 
(n=22) 
 Control 
(n=23) 
HR 
(n=22) 
 THR 
(n=22) 
 
Limb Dominant Implanted Non Implanted Implanted Non-Implanted Dominant Implanted Non-Implanted Implanted Non-Implanted 
Weight Acceptance (BW) 1.18±0.08 1.16±0.9 1.16±0.07 1.17±0.09  1.21±0.10† 1.58±0.12 1.51±0.15 1.51±0.14 1.45±0.12 † 1.48±0.12 
Push-Off (BW) 1.13±0.09 1.06±0.07† 1.07±0.07† 1.05±0.08† 1.05±0.09† 1.09±0.13 1.04±0.10 1.03±0.12 1.01±0.09 † 1.02±0.11† 
Mid Stance (BW) 0.76±0.05 0.81±0.07† 0.80±0.06 0.80±0.06 0.80±0.07 0.50±0.11 0.57±0.15 0.57±0.14 0.61±0.10† 0.60±0.09† 
Loading Rate (BW/sec) 9.9±1.8 10.6±3.8 10.6±3.9 10.6±3.2 11.6±3.5 22.5±6.5 25.2±8.8 23.9±8.2 20.9±6.1 22.2±6.5 
PushOff Rate (BW/sec) 9.5±1.8 8.8±0.8 8.9±1.0 8.6±1.5  8.5±1.7† 11.2±3.5 10.6±2.0 10.4±2.0 9.4±2.1† 9.6±2.1† 
Impulse (BW/sec) 0.55±0.05 0.55±0.04  0.52±0.05†  0.45±0.04 0.44±0.04  0.44±0.03  
 
The values are indicated as means ± standard deviation; †significant difference between implant versus control (p <0.05); ‡significant difference between implant groups (p <0.05); BW=normalized to body weight
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Table 6.5 Temporospatial and Ground Reaction Force Symmetry Indices at PWS and TWS for controls 
and hip replacement patients 
 
The values are indicated as means ± standard deviation; †significant difference between implant versus control (p <0.05); 
‡significant difference between implant groups (p <0.05); %= percent difference between limbs. 
 
 
 
 
 
Fig 6.5 Average gait cycle of HR (n=22), THR (n=22) and control (n=23) at preferred walking speed 
 
 
 
Variable Preferred Walking Speed (PWS) Top Walking Speed (TWS) 
 Control 
(n=23) 
HR 
(n=22) 
THR 
(n=22) 
Control 
(n=23) 
HR 
(n=22) 
THR 
(n=22) 
WeightAcceptance (%) 0.69±2.4 0.11±5.44  -3.4±5.4†,‡ 1.05±4.22 -0.18±6.38  -2.05±4.63†‡ 
Push-Off (%) -2.33±2.70 -0.65±3.83  -0.11±2.72† -2.25±5.19 0.70±4.55  -0.88±4.87† 
Mid-Stance (%) 1.70±2.62 -1.24±4.64 -0.15±5.8 2.11±10.7 -0.084±8.72 2.32±10.08 
Impulse (%) -0.38±1.84 -0.61±2.58 -1.77±3.41 -0.22±2.3 0.03±2.86 -2.02±3.84 
Step Length (%) 1.39±2.37 0.28±3.42  0.19±3.10 1.85±6.09 0.35±2.81 -0.04±4.45 
Contact Time (%) -0.49±1.85 -0.27±2.02 -0.59±2.05 -0.30±2.57 -0.12±2.19 0.19±2.49 
SingleLimbStance (%) -1.22±5.90 -0.56±6.77 1.64±9.13 0.43±7.20 -4.42±13.70 1.14±10.26 
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Fig 6.6 Average gait cycle of HR (n=22) and THR (n=22) at preferred walking speed 
 
At top walking speed (TWS) the differences became more apparent (Figure 6.7). The 
HRA patients walked 8% faster than the THA patients (2.06 vs 1.89m/sec p=0.023) and were 
comparable to the healthy controls (Table 3.3).  This finding persisted after Hof scaling, 
which normalised for leg length (p=0.013).  Moreover the THA group had significantly 
reduced step (p=0.041) and stride lengths (p=0.011) than the HRA group (Table 6.3).  The 
vertical ground reaction force data and the symmetry indices (Table 6.5 & 6.5) of the HRA 
group were much nearer to normal gait results than were the THA patients, and showed no 
statistical difference to healthy controls.  On the other hand, the THA group demonstrated 
significant reductions of speed and loading of the operated limb when compared to the 
healthy controls (Table 6.5).  
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Fig 6.7 Average gait cycle of the controls (n=23) and the implanted side of HR (n=22), THR (n=22) at top 
walking speed 
 
Fig 6.8 Average gait cycle of both limbs of HR (n=22) and THR (n=22) at top walking speed 
 
 
6.4 Discussion 
The present study was the first to our knowledge to investigate the limits of top walking 
speed with an instrumented treadmill, generating a metric to differentiate performance 
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between two hip arthroplasties. This study found that the patients with a total hip replacement 
had a significantly lower top walking speed than the control subjects, unlike those with a hip 
resurfacing.  This finding correlates with the loading patterns of the operated limbs and the 
related loss of gait symmetry only seen after THR, but not HR.  
The pursued primary outcome was that of gait performance and symmetry; however 
from the multitude of variables assessed gait speed was chosen as it is the most identifiable 
and can be measured on much simpler treadmills that are widely available. Despite being the 
fastest recorded walking speeds for a THR group (1.89 m/sec), the HR group was able to 
walk nearly ten percent faster at 2.06 m/sec (p=0.023).  The difference in speed appeared to 
be due to the significantly increased step (p=0.041) and stride lengths (p=0.011).  Perhaps 
more interesting was that the HR group had nearer to normal gait performance and symmetry 
when compared to the THR group for nearly all of the parameters. In comparison, the THR 
group had significantly reduced gait parameters and symmetry when compared to the healthy 
controls, which was consistent with a previous study assessing symmetry(7).  The results 
produced were contrary to some of the conclusions made by a recent prized study (51). 
However closely reviewing the recent randomised work, the study demonstrated fast walking 
speeds that were in favour of hip resurfacing (1.82m/sec) compared to the total hip 
replacements (1.73m/sec).   As the study was underpowered this differential in speed failed to 
reach significance, despite a difference of 5%, which by many clinical standards would be 
significant.  
Although there were many headlines, the study suffered from many shortcomings. 
Most notably, the patients were not randomized, so systematic bias may exist. However we 
have been unable to detect this, as disease severity, age, gender, leg length, BMI and 
functional scores were similar.  Nevertheless the prospective study did not have pre-operative 
gait measurements or functional scores taken, which would allow improved understanding of 
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gait and biomechanics after a certain hip replacement.  The assessment of walking perhaps 
the most important measure of daily living, only measured a specific function, which might 
not assess global hip function(29, 102, 106). The small study size despite demonstrating 
differences could be failing to reveal differences or similarities which a larger study might 
confirm.  The length of follow up was also different, with more HR patients having had a 
longer follow up (41 vs. 21months), owing largely to the difficulty of finding patients with 
only one affected hip. However the literature is ambivalent about the continued improvement 
of total hip replacement’s function, with some authors demonstrating worsening function 
over time and other authors showing further improvement after 1 year(107-110). For all these 
reasons, any conclusions must be treated with caution.  
Some of the strengths of the study were that the groups were otherwise well matched 
for age, sex, height, BMI, PROMs, pre-operative radiological disease and severity.  It tested 
the patients on average greater than 21 months and allowed patient to be comfortably tested 
to their limits. The addition of a similarly aged control group allowed us to make 
comparisons that would be consistent with healthy population biomechanics. Finally we have 
been able to develop a sensitive and reliable metric of maximum walking speed that could be 
repeated on any treadmill in physiotherapy gyms as a simple measure of rehabilitation or 
higher level function.  
 
 
6.5 Conclusion 
In conclusion, by allowing patients to achieve their top walking speed by gradually 
increasing from a slow cadence and pace on an uninterrupted walking platform, we have been 
able to show THR patients walking substantially faster than any previously reported series in 
a conventional gait lab, yet still substantially slower than both the HR and the normal control 
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group.  This technology has allowed us to describe the impact of hip arthroplasty on gait 
biomechanics, showing the gait characteristics of the two proven hip arthroplasty procedures.  
Our findings demonstrate that the HR group more closely resembled the healthy hip in 
majority of the variables.  These findings may give insight to future implant designs 
especially with new implant material kept in mind.  
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Chapter 7: 
Summary and future work 
The primary aim of this thesis was to explore the use of an instrumented treadmill as a tool to 
assess higher gait performance. Specifically our goal was to test patients with different types 
of joint replacement and knee osteoarthritis at higher speeds than that which has been 
previously reported in case differences existed which may have been undetectable at slower 
speeds.  This work was done in order to determine if there were functional advantages with 
differing types of joint replacement.  This would give objective evidence to help clinicians, 
patients, researchers and the public understand the limits of biomechanical performance of 
patients with osteoarthritis and the impact joint replacement has on gait 
This chapter summarizes the findings which were made during the individual studies. The 
key findings are presented with suggestions for future work.  The aims of this thesis were 
addressed in 4 different studies as follows: 
1) To compare gait properties of patients with knee osteoarthritis to healthy controls with 
the aim of determining parameters that may screen patients for knee dysfunction.  
(chapter 3) 
2) To compare top gait performance of total knee replacement and unicompartmental 
knee replacement with healthy controls to determine if biomechanical advantages 
exist. (chapter 4) 
3) To examine the influence different types of knee replacement have on the ability of 
patients to walk downhill after surgery. (chapter 5) 
4) To compare top gait performance of conventional hip replacement and hip resurfacing 
with healthy controls to determine if biomechanical advantages exist for either 
implant. (chapter 6 
96 
 
7.1 Summary of work with future directions 
7.1.1 Knee osteoarthritis 
Analysis of gait asymmetry has already been described in clinical practice especially with 
regards to performance(55), injury(36) and medical technology(111).  However, most studies 
have assessed knee osteoarthritis patients at slower speeds(40) and with conventional 
methods(112).  Chapter 3 looked at patients with knee osteoarthritis on an instrumented 
treadmill at top walking speed to assess asymmetry and to determine if using peak impulses 
as a good measure of discriminating abnormalities which may be clinically relevant. This 
study found that patients with knee osteoarthritis walked predictably with a wide base of gait 
and slower than controls. However the most interesting finding was that these patients walked 
slowly at the expense of ground reaction asymmetry. The variables which had the largest 
asymmetries were single limb stance time, total impulse and weight acceptance, however the 
best discriminating variable relative to controls was total impulse followed by weight 
acceptance. This suggests that OA patients were normally unable to fully load their joints and 
consequently spent less time on that joint. Our study was not designed to determine the exact 
cause of this dysfunction, but muscle power is one of the reasons(40) and obviously pain and 
stiffness reported by patients.  
The study provided new descriptive data on patients with knee osteoarthritis at higher speeds. 
These ground reaction asymmetries which were found have potential for screening patients 
due to the high discriminating ability found by the receiver operator curve analysis.  Whilst 
these significant findings give insight about ground reaction forces found in knee 
osteoarthritis, it nevertheless does not have other information, including motor control, 
muscle strength and kinematic data. These different dimensions may offer further insight into 
the cause of this dysfunction.  In this study we did not look into different types of knee 
osteoarthritis with regards to severity and affected compartments; further work in this area 
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could lead to even better screening measures, to corroborate longitudinal radiographic 
studies(113). 
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7.1.2 Knee replacement 
Knee replacement is a common procedure done throughout the developed world. The two 
most common types of knee replacement carried out in the United Kingdom are total knee 
and unicompartmental knee replacement(3), with a ratio of about 9:1 throughout the world.  
However unicompartmental knee replacement has worse reported survival rates when 
measured by reoperation rates (46). The aim of this study was to compare the functional 
outcomes of high performing total and unicompartmental knee replacement in order to 
determine if biomechanical advantages exist. Most studies have analyzed these implants at 
slower speeds which fail to detect any useful differences between them functionally (48).  
Again, an instrumented treadmill at top walking speed was used to measure the gait of two 
similarly matched knee replacement groups.  The major finding was that unicompartmental 
knee replacements were significantly faster than the total knee replacement group with longer 
step and stride lengths. Ground reaction forces proved to be the difference as 
unicompartmental were able to load fully with regards to weight acceptance, midstance and 
pushoff forces. Perhaps the most interesting finding however were that unicompartmental 
were hard to distinguish from controls in most of the variables, while total knee replacements 
were not. Nevertheless both implants loaded symmetrically with regards to the other limb, 
which means both achieved a stable knee.  
Despite the headlines this knee study on the flat did not have the preoperative gait analysis of 
these patients, which would allow a better evaluation of the different implant on gait analysis.  
A prospective study would help with this and has commenced. Fluoroscopy during gait 
would be one way of demonstrating the implant kinematic properties. Such information 
would offer further insight with regards to design.  
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7.1.3 Downhill gait 
Downhill walking is of particular interest as it found to be of less cardiac stress with regards 
to cardiac output and oxygen consumption(59). This is important in the elderly especially in 
terms of muscle rehabilitation(63).  It is also important in terms of a clinical study if it is felt 
that a bias may exist between patient groups with regards to cardiac performance and its 
effect on gait.  The aim of this study was to determine if downhill gait would be a useful 
measure to determine differences between knee replacement types.  It would potentially 
remove a selection bias in favour of unicompartmentals as it is felt that patients with 
unicompartmental knee replacement tend to have higher aspirations.  The study put ramps at 
the end of the treadmill to produce a 7 degree decline in order to assess the downhill gait 
function at preferred walking and top speed. The downhill metric found that at preferred 
walking speed both implants walked similarly. However the most important findings were 
found at top walking speed as total knee replacements were unable to fully load in terms of 
weight acceptance and midstance like the controls and the unicompartmentals. They also 
could not produce the step and stride lengths like the unicompartmental group despite having 
the same cadence. This finding provides further insight into the substantial performance 
differences between classes of implants. Despite the differences, the study was not setup to 
determine the exact cause and future studies should focus on the kinematics of downhill gait, 
in terms of fluoroscopy and video as this may offer further insight into the functional 
performance differences seen in this study.  A prospective study to look at the effect that 
different designs of implants have on downhill function would be more definitive. The 
contribution of the ACL to function in both the loaded and unloaded state has not been 
addressed formally in this work, but is being addressed in subsequent work.  
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7.1.4 Hip replacements 
Hip replacement is a commonly performed procedure in the UK. Hip resurfacing has almost 
been completely abandoned due to metal on metal complication fears; however there remains 
a strong patient pressure group and a group of surgeons round the world who continue to use 
this implant due to the perceived functional benefits. The aim of this study was to determine 
if functional advantages exist between total hip replacements and hip resurfacings.  The 
variable of interest was that of top speed as it is easily identifiable. The most important 
finding of this study which tested total hip replacements and hip resurfacing patients at top 
walking speed was that hip resurfacings were hard to distinguish from normal controls while 
total hip replacements were rather easier to identify. In both step and stride length, hip 
resurfacings which matched the controls and were more symmetrical in terms of weight 
acceptance, midstance and pushoff than total hips.  Across every variable the hip resurfacing 
patients matched the controls with regards to speed. The total hip replacement group were 
unable to fully load in terms of weight acceptance and could not produce the step and stride 
length that were found in the hip resurfacings and controls.  These findings confirms the 
result of other prized studies despite the different headlines(51).  The weakness of this study 
was that it could not identify the exact cause for this, but it is likely due to the anatomy 
conserving nature of the procedure and the more native like design of it that leads to these 
differences. Fluoroscopic studies would help with evaluating the kinematic differences of the 
different hip implants in terms of biomechanical characteristics when walking fast. 
Furthermore studies observing different material, implant position and surgical approaches 
would be of interest and perhaps be investigated in future studies.  
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Invitation 
You are being invited to take part in an educational research study for a MD(RES). Before 
you decide it is important for you to understand why the research is being done and what it 
will involve. Please take time to read the following information carefully and discuss it with 
others if you wish. Ask us if there is anything that is not clear or if you would like more 
information. Take time to decide whether or not you wish to take part. 
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What is the purpose of the study? 
Our primary intention is to develop a tool to help us analyze function and malfunction of the 
hip and knee joint. The information produced from this tool will assist to compare surgical 
interventions, to assess functional outcome and to assess rehabilitation, all with regards to hip 
and knee disease. 
 
Why have I been chosen? 
You are someone who has had problems with a hip or knee.  The treadmill will allow us to 
assess how you are performing prior and subsequent to intervention, and allow us to 
understand the extent to which the intervention may be or has proved to be successful. 
 
Do I have to take part? 
No. It is entirely up to you.  If you would like to take part, you will be asked to sign a consent 
form.  Even after you have signed this consent form and agreed to join the study, you are free 
to withdraw from the study at any time.  If you decide not to take part, or withdraw from the 
study, it will not affect your current or future treatment by this department in any way.  At all 
times we will aim to give you the best possible treatment. 
What will happen to me if I take part? 
Once you have decided to take part in this research, you will be asked to come to the 
Biodynamics Laboratory, where a member of our research team will discuss the study with 
you and answer any questions you may have. If you are still happy to take part, we will ask 
you to sign the consent form.  
You will be asked to attend 2 or more sessions in the Biodynamics Laboratory, lasting about 
1hr each time. (Unless you have had the joint replacement, then it is only once.) 
113 
 
N.B. You will need to bring a pair of comfortable walking shoes during the assessment.  
You will be asked to complete some questionnaires that will assess your hip/knee joint 
function and pain, your physical activity levels and activity aspirations. The questionnaires 
should take no longer than 15 minutes to complete.  
We will place you on a commercially modified treadmill and ask you to carry out several 
tasks, which include walking on flat ground, and walking both uphill and downhill.  We will 
modify the speed and the slope of the treadmill within the limits of comfort, to assess what 
you feel comfortable with. We will also ask you to stand on one limb as long as possible.  
 
What are the side effects, and are there any risks in taking part?  
You may find that some of the tasks we ask you to perform cause you some discomfort, pain 
or feeling a sense of instability. Should this happen, please inform the researcher, and if you 
need to rest or want to stop, you can do so at any time. We do not want to cause you any pain, 
but do want to understand the limits of comfortable function for you at this particular time in 
your journey. The treadmill is fitted with hand rails, harness, “stop” cord, and an emergency 
stop button for your safety and to prevent any accidents from occurring.  
 
What are the possible benefits of taking part? 
There are no clear benefits to you from taking part. However, the information we get from 
this research might help in the future with management of joint disease. It also might help 
assess how well a certain intervention worked on an individual.  It may also help in the 
assessment of a patient rehabilitation process. We also expect that you will gain a strong 
sense of what you can and cannot do, if this was not already apparent to you. If you have not 
yet had treatment, or if you have already been treated, this may help us all appreciate any 
limitations you experience. 
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Will my taking part in this study be kept confidential? 
Any information you give us will be kept strictly confidential.  If the study is published in a 
book or scientific journal, no individual will be identified in anyway.  
 
What if something goes wrong? 
If you have any complaints, for example, about your treatment by the investigators or the way 
the study is run, please direct these to the Principal Investigator (Professor Cobb), or the co-
investigator (Dr Anatole Wiik) or the Clinical Trial Co-ordinator (Yasmin Mowat), who will 
deal with them accordingly. 
If you can demonstrate that you experienced harm or injury as a result of your participation in 
this trial, you will be eligible to claim compensation without having to prove that Imperial 
College is at fault. If the injury resulted from any procedure which is not part of the trial, 
Imperial College will not be required to compensate you in this way.  Your legal rights to 
claim compensation for injury where you can prove negligence are not affected. 
This insurance policy does not cover injuries which occur as a result of procedures which are 
not in accordance with the research protocol.  Your right at law to claim compensation for 
injury where you can prove negligence is not affected.  Copies of these guidelines are 
available on request. 
 
What will happen to the results of the research study? 
The results of the study will be analysed by the research team and presented at health care 
conferences and published in scientific journals.  No individual subject will be identified in 
any report or presentation arising from the research. If you would like to receive the results of 
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the study when completed, we are happy to send it to you electronically as an email or by 
royal mail.  Please, tick the box in the consent form along with your details if you would like 
this information. 
 
Who is organising and funding the research? 
This research is being part funded by the Engineering and Physical Sciences Research 
Council (EPSRC) and the Wellcome Trust. The study will be run by a research team based at 
Imperial College, London. 
Will I be paid for taking part in the study?  
You will not be paid for your participation in the study, but we will pay for your travel 
expenses to Charing Cross Hospital. Please keep the receipts for your journey as these will be 
required for your reimbursement.  
Who has reviewed the study? 
This study has been submitted to the South East London Research Ethic Committee (REC) 4.  
Contacts for further information: 
If you would like to consider this study further before you make your decision, please take 
your time to do so. You may ask for further information by telephoning 020 331 38832, 
which has a 24-hour answer phone. The person to speak to is the investigator, Dr Anatole 
Wiik, or the Clinical Trial Co-ordinator, Yasmin Mowat. You may also send an email to 
treadmill@imperial.ac.uk to request further information. 
 
Inclusion: 
1) Participants must be safely ambulatory without assistive devices. 
2) Participants must be between the ages of 18-90 
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3) Participants must be able to give written informed consent to study 
 
Exclusion: 
1) Participants who suffer from any neurological or musculoskeletal conditions that might 
make a gait test dangerous. 
2) Participants whose cognitive function prevents them from understanding the study 
3) Participants who suffer from medical conditions that might be jeopardised by the exercise. 
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Appendix B: 
Questionnaires 
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Appendix C 
Radiographic grading system 
 
Kellgren Lawrence classification (knee OA grading) 
Grade 1: doubtful narrowing of joint space and possible osteophytic lipping 
Grade 2: definite osteophytes, definite narrowing of joint space 
Grade 3: moderate multiple osteophytes,definite narrowing of joints space, some 
sclerosis and possible deformity of bone contour 
Grade 4: large osteophytes, marked narrowing of joint space, severe sclerosis and 
definite deformity of bone contour 
Ahlback classification (hip OA grading) 
Grade 0: normal 
Grade 1: possible joint space narrowing and subtle osteophytes 
Grade 2: definite joint space narrowing, defined osteophytes and some sclerosis, 
especially in acetabular region 
Grade 3: marked joint space narrowing, small osteophytes, some sclerosis and cyst 
formation and deformity of femoral head and acetabulum 
Grade 4: gross loss of joint space with above features plus large osteophytes and 
increased deformity of the femoral head and acetabulum 
 
 
 
